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COVPOSI TE TRANSPARENT CONDUCTORS AND METHODS OF

FORM NG THE SAME BACKGROUND Technical Field This
waele@shasm e is related to conposite transpar eneCT/US2008/060937

conduct ors based on conductive nanostructures, and

met hods of form ng the sane. Description of the
CRMEROSI TE TRANSFARENHCONRUCTORS ANDMETHOPRE QRIFGRMING

transparent, thin conducti egfé\il . They are wi dely
used as transparent el ecﬁ%rg I\II"lFlmfI at panel
el ectrochom c di splays such as liquid crystal
di spl ays, plasma displays, touch panels,

BACKGROUND nescent devices and thin filmphotovoltaic
cells, as anti-static layers and as el ectromagnetic
wave shielding | ayers. Conventional transparent

TEHMY Mg | ncl ude vacuum deposited netal oxides, such
asS

TG UATti N oxi de (I TO. However, netal oxide filns

ar e cost | phis discidsure i reldted 40 sentgosite taasparent gonductors
chanbers, el evated deposition tenperatures and/ or high
bagedeen rorduddivedlenosirastures, 208 nagthods gh fermina dhe samg.
Metal oxide filns are also fragile and prone to damage
even when subjected to m nor physical stresses such as

Dé&sutibtiog .of few Regdted Arpol ynmer s have al so been used as
optically transparent el ectrical conductors. However,

t hey genelranspaieat sonduglerscefridetapticely transpareat ¢hin

hi gh { b ' icularl t  ViSi
Qi I Thahgts bbe:e Uet @ ah b Blert sfcritgs M fat panel
eléstrdHorhit AR PIapKs®h &8 fqtiaryadis9Bgs [ Rasmalddplayd, Youch
Conductive nanostructures can formoptically
paneds ecteriumimsdaot dedcés ang thin dilm ehotaioltaintatisc ag anti-static

| di nensj ons ﬁ@ endi Pg andz%\o-@.wngd U.S. Patent
Y519 ??8!‘?“ 1A0EHE WP VESNCI I8N CIS767, and 11/ 871
, 721 desce:bﬁ\?eﬁtroﬁaﬁﬁéﬁ%regﬁ%&kw@ ihid&dadlum deposited

net wor ki ng ani sotropi ¢ conducti ve nanostructures such
metal oridels, sactoas irebumltinkexidd @ TIOHO Howenssr, metal oxide films are

nanostruct ur ebased transparent conductors ar.e .
C%ﬁvtt@énrm%gagwﬁt refdiEe Vel ohamiess, glevajad degosition

tefgﬁagkgfggesrf ?Q{‘Vt’ﬁ, Q@gﬁérﬁ{é%mﬁgit@m%le?é%hfe%ctt}fé?fﬁ‘iéve%ﬁﬁ'c@)ﬁauctivity.

Metal oxide films are also fragile and prone to damage even when subjected to

minor physical stresses such as bending.

Conductive polymers have also been used as optically transparent
electrical conductors. However, they generally have lower conductivity values
and higher optical absorption (particularly at visible wavelengths) compared to
the metal oxide films, and suffer from lack of chemical and long-term stability.

Conductive nanostructures can form optically transparent
conductive films due to their submicron dimensions. Copending and co-owned
U.S. Patent Application Nos. 11/504,822, 11/871,767, and 11/871,721 describe
transparent conductors formed by networking anisotropic conductive
nanostructures such as metal nanowires. Like the ITO films, nanostructure-

based transparent conductors are particularly useful as electrodes that can be
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di spl ays and touch screens. In addition,
nanostruct ure-based transparent conductors are al so

W@ iosabides as coatings on color filters and pol BET/E82088/060937

as polarizers, and so forth. The above copendi ng
applications are incorporated herein by reference in
caoupded tathtin fike tre93|stmenreele@trach@@dcmsmwmm as flat panel
cti,ve and hi

dfBRYE APy Spalas 1F 3HBHan chEreTse drased ranspat )

[ E
O B B o e e o

pdpptersaanab se fartie. Tasabiovedopendingrapplicatons aesiocotpesatad
0Si te transparent conductor conprising: a primnary

NGSHHOY (9 oEerIREdD dAvi RBIITGYPRg a plurality of netal
nanowt r eSTREreds B M to! drofide BRlsRleraiAd %‘rﬁ(ﬁﬁah%@rmance

secondary conductive um coupl e

naxwstiucturehaveditrimsphrenteadodery tocsatibfie tHevsing dienrand for
i ncluding a second type of nanostructures or a

quaity diselayssysérmsicti ve film Anot her enbodi ment
descri bes a device, conprising a conposite transparent
conductor including: a primary conductive mnmedi um

BRIESF stimARY! urality of netal nanowires or a
plurality of metal nanotubes; and a secondary

conduct i vieormpesitertrensparent t:@ndmovranﬁhmﬁlroamﬂlgat@meare
dmadJ t he secondary conductive nmedi um being a
%%'R uous conductive film A further enbodi ment

descri bespge |én%bd1m%hi/§é§ér|b@ssapbé%{)6§l|té tr@ﬁ@';}%r‘eﬁt E&hduttor
first el ectrode; d a second el ectrode, wherein a

cqmpnsmgi a prigtaey cendugtiveenedibm fnclwimg;:aextmmb@e)fa:neltai hanowires

sec ?ctrode def nes cel | X vvh&é&i n thg. first
'H}ﬂé’ metal URes: @ rHR% cepelgivegpedium coupled to

e

semmiidu;rpe of hadestructtiiels oraancomtinemus rcomduetiveniiinot ubes
t hat have a nesh size on the order of the cell

and wher efROthEREMBodineRl JescHREB & dMoTERMRRSING 78 Somposite
tr& P drBHOh R 1 ILRgT b oy 2oRBOCHE bEiuhe Iniding &

plurality of metal nanowires or a plurality of metal nanotubes; and a secondary
conductive medium coupled to the primary conductive medium, the secondary
conductive medium being a continuous conductive film.

A further embodiment describes a liquid crystal dispiay cell
comprising: a first electrode; and a second electrode, wherein a vertical distance
between the first electrode and the second electrode defines a cell gap; wherein
the first electrode is a composite transparent conductor including a primary
conductive medium and a secondary conductive medium, and wherein, the
primary conductive medium includes metal nanowires or metal nanotubes that
have a mesh size on the order of the cell gap; and wherein, the secondary
conductive medium is a continuous conductive film or a conductive network of

nanostructures having a mesh size of about 1/5 to 1/100 of the cell gap.
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nanostructures having a nesh size of about 1/5 to
1/100 of the cell gap. BRI EF DESCRI PTI ON OF THE SEVERAL
wO/L@SB31364 THE DRAW NGS | n t he draw ngs, i dentiPRel/US2008/060937
reference nunbers identify simlar elenents or acts.
The sizes and relative positions of elenents in the
BRIEMDESCRIRTION Qe tHESIEVERAL YW EOE dade DRAWINGS

PRI R T
elléh%rg;f l@F b, Elmei‘ﬁg«?g atﬁﬁ FelBfVe PbQiﬂSHs Bﬁele‘ﬂ%rﬁ%’ “E‘r; ﬁv’eead\‘aﬂﬂngs

egl 1ty. e particular shapes o

ard moteTecesaarilydaawen 4o scalet Fartexadwgde,tthe shapey ohngrious elements

i nformati on regardi ng the actual shape of the

apfPARolesIake nef EFi L0 Seale. arf BomEd tReseeleaenivpes griitarily
efififo’and B64ABhEY R\ 1BGBiiLy! BUfifier. tREB¥RicBIar

nanow res at

sheyesadfahe @lerhentslas driaguy Sredfdtsmtended td convedf ameinfbrmation
nanow res at bel ow el ectrical percolation |evel.

regagiing thsastahshape ehinesparticylapalepiarisitantang been selected

SRRt S e TsBan R IE BERnGE: Pon with - cont i nuous
conduct i VEighird Mshbw@ RIn?6F Fldeaihamod@eB e iabBve electrical
transparent conduct or conpri si ng met al nanow res at

pereplaionlleglr i cal percol ation |level and in conbination

12, PRSP 0 i

p&YeBratiBhfievdn el ectrical field localized between
adj acent netal nanowi res. Figure 3B shows uniform
el ect ri cafFighree2Bsshiowst aneompesite transpareohcomiimicr comprising
show

conductive filns. Fjgure 4A-4 enmbodj nent s, of. .
melAlB0P TS At e el Tk BRI DT BYS RS hin fap nation with a
cORIMOVLE @ n80&iveilRen nanot ubes. Figure 5 shows a

conposite transparent conductor having two different

types of [Rigusd 2Cshows & sonipbkite franspaieat conldustascamprising

Fi gure 6A-6B show enbodi nents of conposite transparent
metal nanowires at below electrical percolation level and in combination with a
conductive film formed of a second type of anisotropic nanostructures.

Figure 3A shows non-uniform electrical field localized between
adjacent metal nanowires.

Figure 3B shows uniform electrical fields in the presence of
continuous conductive films.

Figure 4A-4C show embodiments of composite transparent
conductors based on metal nanowires and carbon nanotubes.

Figure 5 shows a composite transparent conductor having two
different types of metal nanowires differs in their dimensions.

Figure 6A-6B show embodiments of composite transparent
conductors based on metal nanowires and metal oxide films.

Figure 6C shows schematically a pair of parallel resistors.
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conductors based on netal nanowires and netal oxide
films. Figure 6C shows schematically a pair of

w@arahsmehs resi stors. Figure 7A- 7B show enbodi nePCBHUS$008/060937
conposite transparent conductors based on netal
nanow res and conductive polyner filnms. Figure 8
illustr at E@U&ﬁénﬁ sb@quI@pa/ imgnitsiotegropesitntiarspaient

d
o RElS e e P prBE R S R PR SEBar en
conduct or Fighlel 8lill SR ak¥sSSE it P i LN¥EYTh&Rrial positioned

Cenerally speakl ng, a conposite transparent conductor
bétwemndwodcanspaceritidlectfadased of at | east two types of

tran are f co ct e nedi a. Mre. s ecifica
Compontt cPOMES S SHPY dovias e PoREMB LT d fransparent

cGRHWR opi ¢ nanostructures (as described herein) as a
primary conductive medium and a secondary conductive
medi um coupl ed to the primary conductive nmedium The

ORI @ D SERIEEION Q BEEAVENKIRN Ve Manost r uct ur o5
pol ymor o et aey SBRAKE S K o el RpafEnt EARGUGE K

caridyetive ffirs foimed cbapeast tvot types phtransparentic@iductioe enedia.
det er m ned bé}gf actors such as the geonetries
Mo gpeeifically; the casppesita trarenasent eandustartinglydes metalfig

8P et StieiBlac 08 SERBLA NBR SR EATIAAT EHRfvar

miedliudn,| AWE4 %@célﬁdah]tc@ha uéfivedineeiieh eoaprdusthy ?rimdrwéonductive
I'n other enbodinents, a conposite transparen

medivic Toe segoad@wmduétlm mﬁduumes tyipicalyiaceondustive network of
uctive . .nme

a £ WPeortionBbRiNe harieRlBar €6 oty prduBive fim
fohWeBE bRt FRAMI BRSO Pineld| Dxfddsyct ur al

configurations, conposite transparent conductors can
exhi bi t p'_ﬂa@eretatrmal besimmﬂcalrwopemesaﬂm a;ompqsafe_‘ tzanspasent

cctggfug orir%%l grgrsje% Ké{:tlp%gj% dl@%ﬁ?ﬁhégqgj gtrlesj, ggr'm&hc‘%i%ﬁies,
optRa! Ero%@?ﬁ*é@,tdié’cﬁbm?d]?éﬁ(ﬁ WMddiiFRvels of the constituent conductive
media.

In certain embodiments, a composite transparent conductor is a
layered structure of discrete conductive films. In other embodiments, a
composite transparent conductor is a cohesive structure, in which two or more
types of conductive media (e.g., two or more types of conductive nanostructures)
are fully integrated. Regardless of the structural configurations, composite
transparent conductors can exhibit properties beyond the mere additive effects of
the constituent conductive media through a judicious selection of such constituent

conductive media.
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In certain enbodi nents, the conposite transparent

conductor conprises at |least two types of
wo200848Bact ures, one of which is directed to neCHEUE1008/060937

ani sotropi ¢ nanostructures. As used herein,

"nanostructures” or "conductive nanostructures”

Cgedectivel Namestricturesnano- si zed structures, at |east one

di mensi on of ich.is Iess"{han 50

br of or abl - cartan SRR ERR, e ARy S L REreat fANdHetor
cAIApAsds %I%&W&?peg’%f ﬁéné‘ﬁ)’uc’i@r‘%@eoﬁé of RPTEH isMirelcted to
certain enbodi nents, e nanostructures are
mietallic apisoopiy reimaptrdctlres. As aspé tiereint inanestriictures” or
|sotro i C nanost

pi cal ructures include
“c,qﬁﬁg%\fetn%rpq_gr tq{eﬁr@q,rg;}rpb;dr ablodnanmpigced stfuctures, at least one

, d
PR i HESTs F65 {PRh EPhRE L e ARG ety tfin 20660,
10 os5tehweesnihiie | ength and the width (or dianeter)

of the nanostructure. The ani sotropi c nanostructure
typi cal | yI'hesanostoigivessandpe akary ahapgyor ggomekyt in certain

e TRORGY. Be s L RE AR B PHIa AT shilied 18, [RERALIAR - 1)

T@sibalisotesit @haﬁbsth@itbﬂé& m&%éd\dﬁl@béﬁtdwt Ihfp?éfdrféﬂ ude,
for exanple, nanoparticles and nanowi res. "Nanow res"

embﬂdtmenis,sfblemr@ﬁtry@mrwa@ arirokepioalushanedd edaspeidatio #

1} vAS 4P BRI st FAR a0 the b &b BRfglieddth hd the

w@ﬁlﬁ?%ﬁ!la ?15@theafﬁ‘§hd‘§?|’u%tlﬂéeﬁ¢{eaéﬂ|¥ot9c5;ﬁé‘h9ho§th?dluﬂé)@plcally

ypl cal y, e nanowires are nore than nm or nore
hasharipngﬂudlrtai anisralongits ldrigtim |Exehmt@wlrammrdmwnanostructures

NI P
nanostr UOEHé BanogfudBidsnesh &9% idor ﬁéflng\? akhld nbh?structures

nanot ube has an aspect ratio engt anmet er
inglueat far exiaanpld hanupettoied bpd gnaaaWarest hrdancs\mresinéferdo &solid
preferably greater thanp 100. i cal | t he nanot ube

aryﬁgtr%p@apﬁ U imassief 'Hﬁfjé‘et" n 13R#RalYr S3R5} BaRgYiFe has an
40 T TS0 5, B 0

moed greferably griaten tatanl1$)0rrét3m|¢an9, thﬂwsarrmvimd are meteethaal

can be _
500nm, or more than 1um, or more than 10um in length.

Hollow nanostructures include, for example, nanotubes.
“Nanotubes” refer to hollow anisotropic nanostructures, as defined herein.
Typically, the nanotube has an aspect ratio (length:diameter) of greater than 10,
preferably greater than 50, and more preferably greater than 100. Typically, the
nanotubes are more than 500nm, or more than 1um, or more than 10pum in
length.

The nanostructures can be formed of any conductive material.
Most typically, the conductive material is metallic. The metallic material can be
an elemental metal (e.g., transition metals) or a metal compound (e.g., metal

oxide). The metallic material can also be a metal alloy or a bimetallic material,
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an elenental netal (e.g., transition netals) or a

nmetal conpound (e.g., netal oxide). The netallic
woraiosnsmbh4 can al so be a netal alloy or a bi metedT/U82008/060937

mat eri al , whi ch conprises two or nore types of netal.

Sui tabl e netals include, but are not Iimted to,
wbichmmpr'ga@lsdwowppere typies oé metaglo| Suisida swetalslinagude, but are not

irB &S e STudi plf sppoer Miieh Sl R1ES e B e Bayiadium.
TRe Eeﬁéﬁkﬂﬁ/e%aféﬂépeﬁ% alsﬁs’oé‘ﬁéﬁ%égmkéesud??% £b4ibon or >§;raphlte (an

ani sotropi c nanostructures are used e primar
altublmxdleodfloaebmdl umin a conposite transparent
conduct or referred type of anisotro |c met al |

nanost r uc‘%ﬁﬂ@&q 2RO VFd SCRUE ANISOLORIG P Wes are used as the

P AEBRLATRRIEYE R i B o RS %i{%?‘é“ﬁﬁ%?“"" Picterred

typermtﬁ\ahl‘saiiropimdnetwhc ubatﬁosimtmes indluddsehetal, na$1bb\mes Metal
nanow res, gold nanow res, 'oper nanowi res, nic

NFRAVGIRS e nanvires fermgd of m@a matalwlioys, pisted m%ﬁﬁ‘ or metal

o308 e g b0 R BB 29508 o,

gdid/ahdwiré8 /copptst neholirks, nidkedeswiRs, geldeiteedsilver

preparing nmetal nanowires {e.g., silver nanow res) and
nanawitess PlEtinUOY nangwisesl gkt palladiurg nenawipsr &a- pendlng and co-

based
oGRBEES RGP ARE it he S CH S8 spbr S REE R RET,
168V 1724 @8scriveombiiode HiREP&hd M@alﬂar@%ﬁe@t(b@' $ilver
metal i c nanostructures used in the primry conductive

nareivices) iamcll md’eh@dsmf &(brnmag mdumtermg pramgparerdieanductors based

0'%8]-93@ ed U..S. at %8!’1%% on %Pedgg%r/gggéltsﬁ?\erém by

re?ér%ﬁ@é'lﬁ‘ﬂ} ,ﬂ|re{@§otubes (e. g , gol d nanot ubes) and
met

ods formng and patterning transparent
conduct orAndthee graferres type ofartsotbesc nétellidemapsiptctares used

.of which is incorporated, herein by reference nthg_lr

indhe iFienany sondyctiye meduna {ah napPRibgs &q-pending and
h

c&sov%a Uk ﬁa’i@’iﬁld{plﬁaﬁ&ﬁbﬂw BRI Wﬁﬁe%r@ryméﬁﬁz%m,

as nanow res and nano es can bé cd

desuribed anethods df ptepegingedetaménotubes lfy.ga gbld hanetubetyprd
of conductive nanostructures. The secondary conductive
methadsrafdammipg anshpaternigol teanspgrent conductors based on metal

nanotubes, the description of which is incorporated herein by reference in their
entireties.

As will be discussed in more detail herein, the metallic anisotropic
nanostructures, such as nanowires and nanotubes can be combined with a
secondary conductive medium formed by a different type of conductive
nanostructures. The secondary conductive medium can be any of following
nanostructures, including without limitation, carbon nanotubes, metallic
nanowires (or nanotubes) different from the metallic nanowires (or nanotubes)

that form the primary conductive medium, conductive nanoparticles and the like.
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nanostructures, including without limtation, carbon
nanot ubes, netallic nanow res (or nanotubes) different

wo csilstsed net al | i ¢ nanowi res (or nanot ubes) the€T/D92008/060937

the primary conductive nmedi um conductive
nanoparticles and the like.ln certain specific
enbodi nenlknsGertaie spegitic embaglimantss thaueengusiive serpaluctHees

R e AAES G B B AR5 PR arvon
n&FABES HFd HIs8TonlRERVSARISHirbsi!HarnostrauRey) NRROSpdEtically,
refers to a cylinder or tube of rolled up graphene

“cailz@n (anotubat refensdpleecdindie ot tubengfrrolied upgraplydnd shesics).
bes.can take the fo 0

EG1 AEAPHERgsohaPTOHSBe S hTdiERd G on ABTS desrbh o
RS o (R g (R ot et Sy B DRI sirugres. or
a khikiuire wébothd A sirgteywatied catem (AMITTSE (SVENT e formemby a
SS3RerRRREs s O Sl o el (AT ar
OB YoM AR SV FRRRAIMIRRA (NS B0 Sy and

MVENTS zse @howiiG shawdmtdicsarad eonduative chaeddtestizs. 1 mm
and di aneters range fromabout 1 nm (for SWNTS) to

about 50 Gatharoranairres arertypicadly rigid $tﬁécta@§ézfth)igla@sreect

reiigs: Bfip ol SRR R0 waFrst 18 oty v, R i
diéﬁf&@rs%n?b%&n 2b8A0t hnP(FEPSWI\SV¥YTS bRt 8N Ng)@k RIWNTS).

commercially fromSigma-Al drich (St. Louis,
Tyricalbn thexasped satioral/ theccaspon omaptupesis inthe rangeatoé @bout 10-

100,57 R HmEADL e sSto RS R Br P KGR B abfie wappdes0.
SINTO8HS SlailbRP8sAiRcially RohlSighia RIS Lsbis fa0) ous

met hods of surface treatnments are described in g

et al. SiQermin nantbloss May Mcoptidhally tsucaat itreatédto plevent
Sin Ite-V\aEI ed CarPoE Nan%tut}es, .J. Am Chem Saoc. 125,
a&%’fgﬂ-'%l or exgypR'ea Rydiarhili Tugetiopal gﬁQHHSe'F‘@Mé’eF*PBQQPFatGd
orft&'tﬁ@ %%gagé Gor ettt dispePsion 198 the %qt.l%g? BlediFAO Ay dFRIsS

e conductive nanostructures are conductive
methonjsaoftsuriaes treatments arg descabed in Rengrhrdtiatl Sidewatth
ol d, cgp '

C%étto}}sfli%g?@ﬁm@aah%ﬁarn@aﬁgeh%@gﬁ%@ Hrben Nanotdbes, 3'Am.
Chem. Soc. 125, 156174-15182, 2003 and Liu J. et al. Fullerene Pipes, Science,
280, 1253-1256, 1998.

In further embodiments, the conductive nanostructures are
conductive nanoparticles, including metallic nanoparticles such as silver, gold,
copper, and nickel nanoparticles, and metal oxide nanoparticles such indium tin
oxide and doped zinc oxide nanoparticles. Non-metallic conductive nanoparticles
include carbon black, graphene sheets, and the like. These conductive

nanoparticles are well known in the art.
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oxi de and doped zinc oxi de nanoparticles. Non-netallic
conducti ve nanoparticles include carbon bl ack,

w@r@phares sheets, and the |ike. These conduct i R&T/US2008/060937
nanoparticles are well known in the art. Conductive
nanostructures can achi eve electrical conductivity
t hrough c@nndmibremmtmc’alre& oaib achiexe elesttricalconductivity

thipydaT et ﬁ'{bw%??pﬁ@e' U el Arh e CekIS NI from
org@héh ;lébﬁ%sa,{oqﬁép the primary conductive nmedi um
e et

ulta nanow res are nanow res fornmed of
netal, netal alloys, plated nmetals or netal oxides.
Sui t abl e mat al nanowi res include, but are not limted
I@a , gol d nanow res, copper

nanow resy, Mek; RowiiBe QP& n%tg 84 AlrAttR! SrtfRkry conductive
| gpa adi um

nanow res, num nanow r es,

mied e S@ﬁablsunéwbhanowtres ar@nahubﬁ:es formeddsf rgetalt metal alloys,
nanot ubes and t hose descri bed in copendi ng

plptaslmetals or meial 9xddes. onuitgble netebnanamises unﬁlw’@r pytiare not

RRE L T MR Bl AR BB AR IR s,

g@l@f |é‘t'e€l SITEPAANBIITSs, plathui hahoWReSVArEpalRidturdlititowires.
O mmlong and 20-80 nmin dianeter. In a preferred

Semeunﬂﬁat nanatebesingludeagaldinanstybesgand fiaseatescribed in co-

IR Pafio Rl AtnGaLoRNG S B G S o onsi one s
those. despydiRfls!eibadhtinta) IR HhetaEnarftird ael sR 5100 um

the diameter refers to the outer dianeter of
longreandui>d 60 nkairodiametenfoscréss-sectiongn thuceritaio emb@djmnts the

th | at ive,,
met| eer R are ahouk S B 585 2a0 dhgd AL UrHiareiYe B4 n
pﬂg??¢@d BRibokitheN thd MeBiIGRMBARESTE.J128IRRE hHAGWIFES) $) are about 20
U I Cl ent nanostructures nmust be resent to rea

yel leng mindad0 prrindiarmhetzn. t hr eshol d and becone
conductive. The electri caI ggrcol ation t hreshol d

t her ef or eSHItRle M| ngngtyges Bpye simitas wmsnﬁleaauaﬁdhose
dgﬁﬂ?@eﬁ%f)ﬁwe‘fﬁ M %r‘?’fanbﬁﬁaé%ag%sal%ﬁr%&r %?ersalg NE outer
achi eved.

'ong range connectrvity can

diEmt@r&bﬂty\e rtalmetdbmdl ng density refers to the nunber

Nanostructures form a conductive network through a percolation
process. Percolative conductivity can be established when a conductive path is
formed through interconnecting nanostructures. Sufficient nanostructures must
be present to reach an electrical percolation threshold and become conductive.
The electrical percolation threshold is therefore a critical value related to the
loading density or concentration of the nanostructures, above which long range
connectivity can be achieved. Typically, the loading density refers to the number
of nanostructures per area, which can be represented by “number/um?”.

As described in co-pending U.S. Patent Application No. 11/504,822,
the higher the aspect ratio (length:diameter) of the nanostructures, the fewer

nanostructures are needed to achieve percolative conductivity. For anisotropic
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of nanostructures per area, which can be represented

by "nunber/mR" . As described in co-pending U S.
w@ai0ens13ppl i cati on No. 11/504, 822, the hi gherPa€11©S2008/060937

aspect ratio (length:diameter) of the nanostructures,

the fewer nanostructures are needed to achieve
narostriciures esuamakinanewirgs, theelectrical percolation threshold or the

RISt d<rily D EMEal Felflobhip BRIt SRS Masialineg. Co-pending

afl® Bé—io.tv%éoeaﬂ%%i_é%ﬁérg !131/87‘3!',@&539, Jufién fsgl“ﬁg% hiad. r@‘refnrt/?ygr_?{erence

Nnanow r es. pendi ng and co- owne ['Tcation 11
in, i5éntiretyl, dbscribasninagtait tiecttiebmtieahad well efsearapicieal nelationship
entirety, describes in detail the theoretical as well,
b%&Ve&ﬁ‘ﬁhPis&ﬁS/ PSS A ik NNewr fRend e ngfﬁ‘é%}oﬁﬁ’é[lﬂa@e'&ﬁ'ty at the

pé#&&éﬁ?mw&sﬂﬁc}and the surface | oading density at the
p )

ercol ation reshold. Figure 1 shows schematically a

conduct i VEigoed WahlowsGscheratidally a menguctivesnetvork 10doweed by
an electrical percolation threshold. Conductive paths

nanawires 4@ @t BYoys, B elesirieal tieneplatienthireskold e Gpndustiympaths are

R ST ARATAR 8o A5eBPLATE ben b ond o

theatetivofK &S 1Pe®th6r BidUgIEEomtdcling riaRdwireBRVWAN@IEwtEi¥aIldurrent can
10. As used herein, "conductive network"” or "networKk"

theegforesbe cagied agross thehaanowige netwwKKI Gk or red by

conducti ve nang@structyure bove an el ectrjcal.,

per col at | 55 VoA et CoRHPRR Fofel nbbietyeelemigap
infetEdAGENRT etivo M formeBrby SHRRIctiVE hbRbSRE@UesAbdV@ an electrical

hi gher than 108 ohns/square (also referred to as
pergpiatipn thresheldabl ypicallye asontlactive eeiwark sutfgce sesistivity (or

e
: 4

PR TRt gL PO T g o o

oM OX12TYpidally, the aonfhoe ré¥islivity df@Ocaidictioe nbtwark ¥66ned by

WD to 250 WD, or 10 WD to 200 WD, from10 WD to
mstalRepowdestis Bhihe ranges 6f rema BX/Ata dOBR&¥R! TTRMH Quf¥ to 750
i = C
ok, 3061 265 KON RS 6140 0y LSS 0aTBacsso a or
10 DED It LO0-(WT, froAPRO €2/(ab S0 MET, ©F freth | @/asto IteRM.si ze")
correlates to the conductivity of the network.

Typi cal | yAlsgriiomsy infigwres] . Abe mehwarking sanmmses gefine inter-wire
s;ﬂ%c&%&& g%ﬁ%t&@&nﬁ@t éﬁ?réola%h ?Im'eisﬂolw{i% §i%& B?tcf%oi'ﬂgertv% re space
(also referred to as “mesh size”) correlates to the conductivity of the network.
Typically, smaller mesh size means more densely distributed nanowires, which in
turn correspond to higher conductivity.

Mesh size can also be used as an indicator of the surface loading
level. For example, for nanowires of a given length, lower surface loading will
result in larger mesh size. When the mesh size is above certain threshold value,
the nanowires can become too far apart such that percolation is no longer
possible and the inter-wire spaces effectively become insulators. Figure 2A

shows a film 12 in which nanowires 20 are at an insufficient density to form a
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Mesh size can al so be used as an indicator of the
surface | oading level. For exanple, for nanowires of a
w@eoosndidengt h, | ower surface |oading wll resubPCT/U82008/060937
| arger nesh size. Wen the nesh size is above certain
threshol d val ue, the nanow res can becone too far
caeipplete satyorkhdiheppterovieg spacass3thbecangdnsytating. bbtatelyd

the inter-wre aces effectively hecome insulators..,.
ol She b Ve Feniy Of fnelFanaw i g priabsisgl @ tatip
FRfré AStHel hesR BizedfRsenidrded Ad fﬁef’é‘cﬁmcﬁt'ig p&iweRnanbWires

I'nter-w re spaces 30 becone insulating. Stately
didrdptedent |y, due to the |ower density of the nanow res

as conpared to that in Figure 1, the nmesh size has
enl arged and the conductivity between nanow res

Sg&éﬁ%ﬁ{%qdﬁéﬁ\?@ﬂﬁduﬁg%ﬁgﬁéﬂsve Mediumas Fillers In a

or, even if the netal

nanow r eslnadg eomiposité tradsparenecehdlntdnwvehdf theandtal nahowires
percol ation threshol d, conductivity can be achieved in

a3 loagILEverbAIRY t3a clarara) PeBrRIEaN ecshald FANMTYiY can
o 38n{E5En IADOMISERSe BF 1o IR Yo RAIAVE LAKSLAAMTE the

can I'n various e S, ‘percolatirve or not

mietd] Finaivires .of te pArReR 668d WitivehRegiaaPosh beniaueirious
medi um provi des unexpected or synergistic properties

empotifeerisnprrspladive oanep pewelatyenthecpresenee ot ther sgaend

St T T S S e e
cAAPOEitd aRspAEhtEIndRtd om those of the metal
nanowi res that formthe primry conductive nmedium For

exanpl e, tnheertaie embhodjmenisdthsa secondady comdusiive meedide includes

w t hout |im.tat.jon,, carbo anot ubes, net.al nanot ub
it sdRithures Bt & Uit e ) BRI eolift o BRI Fom

. . oy har . _
tHESERATHE ekl IR RN thal BrHE brfE) ofBkave felium. For
examplec thevsedandary éendisatisle meedium may amtlude,omithout limitation,
conduct i " refers to. an uninterrupted gnd upniform
caBRR retalhancgtbes menopayicles; ang metal pagawises of a
di?fBFé %“r‘rn@ﬁsibﬂ'o‘?'nﬁ‘é@}i in which the electrical

conductivity is est agﬁ'i shed by continuous physi cal

cont act s lof othbeembodinaénte ctheestcomdafxeonuuetiveimedium can be a

cgr%muioﬂg%%%ductive film. As used herein, “continuous conductive” refers to an
uninterrupted and uniform conductive path across a thin layer (e.g., across a
surface or in-plane), in which the electrical conductivity is established by
continuous physical contacts of the conductive medium. Examples of continuous
conductive films include, without limitation, sputtered or deposited metal oxide
films, conductive polymer films, and the like.

In one respect, the second conductive medium serves to fill in the
inter-wire space of a nanowire film. Figure 2B shows a composite transparent
conductor 34, in which a continuous conductive film 40 added to the nanowires
20 of Figure 2A. The continuous conductive film fills the insulating spaces 30 and

effectively eliminates the mesh size.

10



10

15

20

25

30

conductive filns include, without limtation,

sputtered or deposited netal oxide filns, conductive
w@eiognex3of i | ms, and the like. In one respect, PEEUS2008/060937

second conductive medium serves to fill in the

inter-wire space of a nanowire film Figure 2B shows a

conposi t eFiguen2@ahens aotbeccampgsite transgarent eonductor 44, in

t duct f | 40 .added to th
wh§hes PRy 673 mecand s o1 Briceiorie naDGe T UuRR A i isa
prteggn{ B %his@ﬂg?fg&ﬂfr'azﬁ)fgﬂc s ﬁéfa‘?é"shﬁ\ﬁ/hyas%éﬂh@ A higher

mesh si ze ows anot her conposit
astpmhsatar than themadnowires 20, Asishdwnothe |piem-nmte $p'a<m‘ 3@is
second type of ani sotropi c_nanostructures is al so

effpctively redvﬁ%d gHedethepae ﬁgwtm@nep@@tym dOoBBR N
n%goé?%'td}ﬁs%‘:h hi gher aspect rati o than the nanow res

the inter-wire space 30 is effectively

reduced dae showhhe Figures @Bf amd 201 theocutabinedidffectyott the
| onger nanostructures 48. As shown in Figures 2B and
naowirefeand tha srePNsieneeerduttive Heedidmoostablishierndysdivity even

RGBSR A 8567 bt eSSt e ool

p&YeeRSiBAhiaghbrCch the el ectrical percolation
threshold. In a further respect, the presence of the

second comdufirthes respratthemsesenas @f thasecaneé confyetive medium
serves to e ual i ze the

g B e ey 980, Pryio NS for leG e polenta

dig#butibR M a‘@ﬂ%‘tréﬁ@paﬁbﬁ@ééﬁﬂiﬁﬁoﬁrlﬁ aRRford Mi%ﬂrtWoaé]Qct?éHes are
electrical potential is applied, an electrical field

spacecapartand anwdeciricalpatentis mapplteei aneledtdcalrfsltdis. created
nduct or as.th

b GBI e SeSCE Py iie (5 SRAERdES Q"W'?‘%PR{TWSB? tiapgoarent
@&Héﬁ ﬂheféléét%dgél%lafr@e§ﬁ; ﬁﬁﬁ’ﬂ\’gc Cdrﬁfo?mftg of the Liefical

etween a top con a bo
field frigurei 3/e showsnetsttridield ImeeduedWeevreaftop nsnﬁ@ctanecﬁlmo and a
are based on nanow res al one. The to% conducti ve f

bejtore seprksiae iHahedi Beth sendydingims RUanss34 s ba
htgl%of%lﬁhé' q*l‘\% %na]ug;% @Iﬁ% L8R8 nahblifds %@g Zfg;lhown in

om con I ve rrses nanowres
cros-sectitraiviewn) disPibsitetbo baoplsubsmt)e B0tst Likbwised tebattom

CM ?|Ub|s5|t4;p%tn?pr?sdé% na-l;mrg)(\e/vfe!segjar %aclzsa(l srf1$v3r|1 (ljn S:rsoggmggactlonal view)
distributed on a bottom substrate 54b. The electrical field (shown schematically
as line 58) begins from, as an example, nanowires 50a and end at 54a. Due the
inter-wire spaces (e.g., 62 and 66) between nanowires in each electrode, the
lines 58 are concentrated near the opposing wires. Figure 3B shows a
secondary conductive medium, for example, continuous films 70 and 74 fill in the
inter-wire spaces 62 and 66, respectively. As a result, the electrical field,
represented by lines 78, is more uniformly distributed.

As the primary conductive medium, highly conductive metal
nanowires typically bear the majority of the electrical current in a composite

transparent conductor. The secondary conductive medium, although not
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as line 58) begins from as an exanple, nanow res 50a
and end at 54a. Due the inter-wire spaces (e.g., 62
w@eashsiobet ween nanowi res in each el ectrode, PCEUSINEB60937
58 are concentrated near the opposing wres. Figure 3B
shows a secondary conductive nedium for exanple,
bagrsenied umtlnscurrentmam'nm; aongthidless ¢can famn a nomlucwvedayer that fills

6 |
ingPEspace e%w%nﬁ* BT CEBRNa S O PREASSRT this iscgition, the
sé%ﬁo%ﬁ"bﬁ ﬁ/é'rhé’&lﬁﬁw foﬁ%s@é‘orﬁdc'ﬂ% Yaye? WMt dsV& surface

medi u conductive netal nanow’res typically
rdséstivity (er “shpe’r neswtmﬁca”hef =b bigher trdn tOf ohems/sguare (also referred

co |,,te tran rent conductor, The n
CANSRT ) VRIS aP D PR PO o IBTAT Shert10° /0, 3,000

oI TR AR B PAS 1o

covau@tive €itm |§Mthpuapges obfrotrh1 G et 1000 Kun, frbime100 Q/0 to 750
secondar¥ conduct i ve medium forms a conductive | ayer
&

Ofihcid s 0¥ ackomelIRivTa 504 6vD: Sriaam 1SRk e 0, or
185 BT, IO SR et B ©

hi gher t hmar@%‘é/é?nbédlﬁ%twﬁb cdn@O&iveY/ 1By foirﬂ@d\M/E?he second
Tyﬁl cally, the sheet resistance of a continuous

jve imediem imapsically elnar, esrigfiaedihereiom Fuothar Bhedresence of
1000 W

trg Ssonag s S5l o s TadY feall 0. Svanarréuddh it iibht
st%ﬁé@igwl\@eltaP n&%’WV\éQaré Féﬂébﬁ% Wr&btbﬂas's Wh¥Pca®Eafis@m 1

WD. In various enbodi ments, the conducti ve
demlenzatmmme toylighti scatteringland neflestiviiy Benolannzahon is one of the

t | | d d Furt
et thft gt o fed JFiie iR cortiast %taﬂ i1 rapSpagat
cérsu@?orow ArlicH @qyﬁ.héﬂgnm' §|.¢htq5§th e atdi gaev.wet(alg., flat panel
nanowres are reffecti've structur es, can cause

didplag).atowet coxntrwbjeall@téndg;i’tb ash/etsteﬂey affgctethd image quality of the

_relet|V|t Depol ari z oeof he. mai n
digp G PR I ?%9@83 ?Yi@'oﬂﬁleAEB‘iﬁ%“%th -atio

o P A iy AR
rediugtib@yn thel.mmbelcmheafelnomsmw&hcésmcin adedustﬁrym the light

affect the im qual ity of the display device.
seatteringe bykepeieA lly 3, thﬁred{??@ﬁ%ﬁfaﬁ logsnini ceadushvite . The composite

bR an hrPude AP A0S T REn IS by
emPRMG RSvet tidndwiresWithout nacesshiy tausing atdetréagiin
conductivity due to the supplemental connectivity provided by the second
conductive medium.

Moreover, by selecting nanostructures of an appropriate material
(e.g., less reflective or non—reflective), a particular dimension (e.g.,
nanostructures having smaller diameters or cross-sections cause less light
scattering), a particular geometry (e.g., nanotubes cause less light scattering than
nanowires of the same outer diameter), it is possible to customize composite

transparent conductor with optimized optical properties.
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scattering, but potentially at the expense of a |oss

in conductivity. The conposite filmaccording to this
wersdssent allows for a reduction in refl ecti®RCT/YS1998/060937

enpl oyi ng fewer nanowi res w thout necessarily causing

a decrease in conductivity due to the suppl enent al

connect i vaglcaﬂyom wyibusyemhedisrardsdhe eonduoctiveslayedionmed by

r se ectin no t cture f
thsEaR copaUpliumesund i 50, fobbi s Zodtim ek, or sonm to
1(§mﬂnftﬁEke&t15(ﬂnt@29@ﬁﬁ1'tﬁi¢kar di mension (e.g.,
nanostructures having snaller dianmeters or
cross-sections cause less |ight scattering), a
., hanotubes cause |l ess |ight
: i n of the sane outer dianmeter),
it is po ﬂ'uﬁ% %5&n‘56’§ifé’ﬁ‘é d‘u%t&rr e%%eﬁall
conductor with optim zed optl opertles ypically,
nanowises asia peEinengicoadustive imedcwn dandta secdralpey cOnduatide pedium

the second conductive nediumis about 100nm.to ZOgnm
cqupled o Bie BERAY @NHYGHKT MAdM. dis ysashRerein. Jeerpipd refers to
th%gBrB%m%q@ TRASLiLfod b@{Wé&H 1A PRI le Hldfa taﬁF includes
conposi té transparent conductor comnprises

prﬁwtfaMcbamcaSelectﬂcalrwmechand iseefortrdi um and a
secondary_conductive nmedi umcoupled to the primary

conduct i vEhgrsambinedagongdiistive aredia in t*'@cﬁﬁ!ﬂ@@'ter%&@ to

oA R e 5B R bt B AV Rua

crtiRacs intstigmd APwlllsd BesdritRedCiambreedbtaP Reksih) e syRetdistic
in the conposite provide unexpected attributes or

lnmmmemedtqudbemnwsﬁadwansnerem gooductaeiriciugiey batiare not limited
conducti v be descri n__nor
top BRP s platipel BotEnting P, EBRPLRE Pab ShaTebf g Bl o o
me@[]ﬁWBFecﬁ%‘i‘ﬁéh‘HetW@@h Y6 eléb{Foo%rsqoﬂﬁtb ylth8lichRthdsite
nore equal 1 zed el ectrical potential in a conposite
trammelalr@rtductmdhlgher poraduntnvéy Uretfen duratilityt highal contedst ratio

trodes f th
2 S50 e it B ficorann comBIURS cBRaEES WA loisiqus selection of
th@ﬁf‘%@hbé&’c AyueheE NirhafHe (5\ﬁiréfpfa?d?f$aﬁ8n B85t fan bé reduced
tion en conbi A ng' nanow res W th a judiclous
witledadaonaproadising ¢he pedndaaryce:shaddatd ofetheadimpositetensparent

overall fabrication cost can be reduced
conductor.

The following specific embodiments describe composite transparent
conductors based on metal nanowires as a primary conductive medium and

various secondary conductive media.

1. Carbon Nanotube Film as the Secondary Conductive Medium
In another embodiment, the composite transparent conductor
comprises a plurality of metal nanowires combined with a secondary conductive
medium, wherein the secondary conductive medium is a continuous conductive
film formed of carbon nanotubes (CNT).
Figure 4A shows a composite transparent conductor 140 including

a nanowire layer 144 and an underlying CNT layer 148 formed on a substrate
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wi t hout conprom sing the performance standard of the
conposite transparent conductor. The foll ow ng

W@ p@8i1813e4 enbodi nent s descri be conposite transpar/esi008/060937
conductors based on netal nanowires as a primary

conductive nedi um and vari ous secondary conductive
152diThe ANTEforboa chadoctiviedim undextyindgheSwrwmvdea layer. Figure 4B

oSS B A RGeS TRG i e R e o
trf@-;f’('%ﬂ‘}}t|fLFe'?\1 t GRADT A Sehiek fHé JE@MF@%@V 142 %H%Flle‘éethg‘i‘ﬁﬂ? Byer

wher el e secondary conductive nediumis
148ntn bothuSiguesik bind & H, |tlhembn$trteelntcfﬂmsaramcbe depositcide s

seantiots: AlatatiebuapngnienaRg N ES Fag Sloie Cardgpasited
SIWEP%QI a%olf 4 %rfuﬂﬁ&t%@:éf@ijc&ﬁblﬁtl% tﬁﬁg naﬁ,}r'éZtC {h6ws a

a con uct ive underlying t oW re

corapesite fragspareAtcaitustoral 6BONPERG becdndastiyetaget 164 in which
conduct or 150 havi %a reverse arrangenent of t

NAVMIGS m@%@nfh@lﬁs 1R arpfdly integratgddaiatiord ay&heﬁuem structure.
4, t ne. cONSEPTRsE s sAtun BE s BAPAG Prode TG range

cORTBtNity thdt Yelied e tHratdrmpleymeritanoopericarst th&lhighhasonductive
al so be co-deposited sinultaneously and forns a fully

me:tﬁler@r@w@sd@ saryaneecirical cwrentr and thesfiling effects of the

160 h
oGer LT R Feeatse RN Hakon PR esiricugignt (about
1¥%729 lémﬁyédrﬁpér%b%rrﬁé@@néﬁo\ﬁfréé);] Fut 4B §IcHe for silver
structure. The conposite fil own in Frgures 4A-4C

n@m@lvll'@?é aba gmemrigedmgdamjt ChiTisycanHarmraetonstuctive filng with
of ¢t nducti ve

STHalIB] SR SHebe sampaertodhetl Batodites. SOMS dpmisitg
“%@fpaéd?é* SHRIGS Helir o O RARE bh 2 iMifols e uniformity of

thiaddectrical poténtid@l of tlcerBpmposibte fikd whennextrmecteaitova pewer source.
g
(i%hbﬁrdiéfﬁéférf bF?@g%iSe%ﬁgﬁ %gﬁ%%rw%lg%@!ﬂaﬁé?@p) which

at@&ﬁnr&b@c@hdﬂﬂomﬁmw@mm@Gghmdawenihg)amlflmdnevmg contrast ratio.
el ectrical potential of the conposite film whe
Ag @igstltdhetcombipedepndegiiveanedia based on CNTs and metal nanowires

reduce the overall reflectivity at a given conductivity.

Moreover, a composite film based on CNTs and nanowires are
particularly suitable as via contacts. As used herein, “via” refers to the
connection between two conductors, typically through a dielectric layer. As
discussed, because the CNTs have much lower specific weight than that of the
metal nanowires, the loading density of the CNTs can be much higher per unit
area than metal nanowires of the same weight. This can be advantageously
applied to via contacts, which are burdened with supporting high current densities

in a confined area (about 5 — 10 microns). The larger density of the CNTs can
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In addition, the CNTs are bl ack and have very narrow

dimension (i.e., their dianeters or cross-sectional
wae®assmne typically | ess than 2nm), whi ch ar ePCT/US2008/060937

desirabl e conditions for reducing light scattering and

I mproving contrast ratio. As a result, the conbined
effectvetyt carey thedadditierad ¢uoenttand prawentrpotentiahdamages to the metal

reduce the overall reflectivity at a given
NAYNYLRSYi vity. Moreover, a conposite filmbased on CNTs

and nanow &k %nﬁi‘io‘imEHis?é!tMiré bbh@itRedhediuth can be further

contacts. As use erein, "via" refers to the
incorpogateddntodibeveaenpdsite tcanspace rdrcondugtor.c Alsl usedrevainh “second

di el ectric |ayer. r@s di scussed, because the CNJs t}ave
tyRe ﬂaaﬁéVU%tH\E/%ﬁ faned WirglypemeaarsiHeiures spréifigatreter to
nBOUIch G2 thiCark Qfibra flsReddch Gthet B8 wallss 6 the riiah

igher per ‘unit area than netal nanow res of the sane

nawowinés ol metal cramobbeadthanforgethe Priynary Ponddctivee miedium in at

contacts, which are burdened with supporti n% hi gh
leggt e feshassisuch as thednatgrigl. dag) dimensioniBashepe, athe

o B RERN D) hel RlndQRlredensi ty of the CNTs

cane ctivel'y carry the additional current and

prevent IOStli@él_iléthircﬂéﬁiﬁtﬂﬁﬁi_véqnédianmﬁb@ide@%ﬁ%ﬂﬁ% I'n
certain enbodinents, a third conducti ve nedi um can be

nangstrustures SYEh @saoadurtivenanepartieissseansuctive spaestiictures of a

. d . . d h i y f .
oS Serel BubSSRPS! Pt 5 b pet nanowres o
theRsThAhCnductied Aeditn N ae ekbHpié!'@ndubfite AaRoparticles can be

different fromeach other as well as fromthe netal

mealbmnaesparticlest mietal axisteumanopaiicles, ararbomblasks nand a
ofraPianan iherker. ot Residet¥ie ndfinstuples S5F Beiianiiioha Siferent
michsl Héarﬁkﬁﬁbéé‘gfrq{a‘ﬁomﬁ‘é'stcﬁ@ Gighb} SShSRPEEEF ¥ SnidReE UBss-

i ncl udes conducti ve nanostructures such as conductive
sectioopaite thirdtype ohdomnd uctisze mamostructares et afe distributed

thgpughut s GPTRARGRTPBSPEIPNE e GHGSHerd) SRRRETY e fling effec
of BEIGHTYs Bl BXRTERE to FORIMFLI FoP@RABARIdCLBS L Ea D Entia

C nanoparticles, ox1 de 'nanopartic

acresdtine bbmpksite tradsparenhtomdidten t her eof . Conducti ve
nanostructures can be nanowires of a different netal,
nanot ubesTYRiFala HsFeBposite Hansrarent eapdudtorkases o aa

c&%,nlaﬂBn of ?r?eﬁﬁ%ﬂ.o%res (e.g., silver nanowires) and a CNT film has a
light transmission of at least 50%, at least 60%, at least 70%, or at least 80%, or
at least 85%, or at least 90%, or at least 95% (using air as reference).

Typically, the composite transparent conductor based on a
combination of metal nanowires (e.g., silver nanowires) and a CNT film has a
sheet resistance in the range from 1-1 0%q/n, depending on the end application of
the composite transparent conductor. More typically, the sheet resistance is in
the ranges of from 10 Q/0 to 1000 ©/0J, from 100 ©/0 to 750 Q/0, 50 Q/0 to 200
Q/0, from 100 /0 to 500 Q/0, or from 100 /0 to 250 Q/0, or 10 ©/0 to 200 Q/0,
from 10 Q/0 to 50 Q/0, or from 1 Q/0 to 10 Q/0.
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The third type of conductive nanostructures that are

di stributed throughout the conposite transparent
w@ondnses can supplenent the filling effect oPCT/IE2008/060937

CNTs and contribute to rendering a nore equalized

el ectrical potential across the conposite transparent

conduct orn preferced embodmnerdsntblegiwnpasitartmmpemnt conductor

conduct or based o nbi nati on of metal nanow.res
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oDy aiive. R drels empodienie: e ipiuaf nanotclures are
mefdTRiapdiires o‘?fa dRéRnt ﬂ?di@ﬁ‘élr(ﬁ%lrh@ngvon ffdrh Y88 metal nanowires

nanow res) and a CNT filmhas a |light transm ssion
thiai fdrer thefmrm@@%omddlcaves hediume $ios exaople fndnesdresifarmed of a
he enbodi nent.s, ..t he conposi.te
1055 Seflesve metabaheios aﬂs%%aeffw%e BiigiSheaty fan permses o
B et

corapositeairaespHrehiesonductor. Furtiven) n&ovﬁdsehavTryQ)GSrnéller diameter
Nanostructures as the Secondary Conductlve Medi u

(. Rarf52$9-88¢HANSS agaan compad @Iﬁ*&a of heymedal srmoa\meé ojghe primary
cérﬂﬁjcﬁ%%@dlum can also reduce light scattering.

Figure 5 shows a composite transparent conductor 170 comprising
a first type of nanowires 174 as the primary conductive medium and a second
type of nanowires 188. The second type of nanowires 188 has a much smaller
diameter than that of the first type of nanowires 174. As a result, the secondary
conductive medium not only facilitates the conductivity of the composite
transparent conductor by filling in the inter-wire space 182 but also do not

substantially contribute to light scattering due to their narrow dimensions.
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conductive nedium In certain enbodi nents, the
conducti ve nanostructures are netal nanowires of a

waledoBassm nmaterial or di mension fromthe nmet abCT/US2008/060937

nanowi res that formthe primry conductive nmedium For
exanpl e, nanowires fornmed of a less reflective netal
or havi nglna/ari@sns otkén erobodinents,dbe skkoandth typenofomnestuctures

caop ETStaCeRnaEes opeBr I R AR tpE Do SRR Discks and
gfﬁ‘%‘r"?ﬁ&é} o é’éhaﬁf)par@@f@a@w&%@th@%kbng a smal | er

I amet er .e., cross-sectional area) conpared to that
of the nEtaI nanowi res of the primary conductive

medi 3im cadetdl Qxide Hiimead tWemﬁongch@MediLBn
shows a conposi rent cond ctor 170 conp ng

t tran s
a first t§ eo?mﬁg ele/odn%%s' %Qt}ponduc
I .
ﬁﬁ@msec%ﬁ‘é"?ﬁgg*@?&ﬁﬁmﬁéi%@ ST ALty KBRductive
medamstwehereirathet secondaryt tenductise nediemds aneomolwicties mistdl. oxide
As a result, the secondary conductive ne m not I?Engwn in

filma cCPneystive metal exidgs sHEY .atsyn@fmt fip oxigR b1 are we
B PEr o lRlpdar MRk B ab It s

eﬂnp@iyttraim*ataﬂldwddut@ré oHolhaiver, the H'D@fﬂhnme liomiedlin their
vari ous ot her enbodi nments, t he second type of

applications v te hainbritdeness and jayminlensase t@ §H§§%t Even minute

RRPER b AT ahERED AR &R ST RE S RIBVE. o

Oxi de Fi | gbabiriRg avaewiN lanywirebisetl ifra dvieicard O filrea¢fords a
enbodi nent, the conposite transparent conductor

caroppsitesiim baying sunengyst@fadvanmgasarﬁgme@ Sbeys ieeeprapesite film

186 Aaeres SndEPHR 1ot Bt il de' Hahd # Anerovire
fileP POl Bbél‘t’@né@bﬁ'to@’é‘f SRSITEY filn 3881 the r\éﬁdv\hfé i 982 cbhplising

are well known in the art. Sputtered I TO filns have
nemmwrem‘t%ntl onal |y applied to devices that enpl oy
transparent cond ctors ver, the ITO filns are .
i mted | B aepmbapiiaelretaasarsty pbe BRnedrenied s
bé\BQ/ tb%"é éﬁ?h@él ColbforP tHrEsiSo! E‘ﬁ%ﬂ/eﬁh?léfsg $lirfsdeEGRIuchvity can
cause a rap| | oss of conhductivity.
b@eetabhsm‘@ m ﬂhetcmimpusitevﬁlnne‘}&ﬁabyeme‘ cd>mbm1|doa|mf theEOhamdwires and
affords, a conposite film havi ng syg_g i Sti

thgdinderiyings! TGHilgy 1 88 6 Asigussgd c gy B isi qarﬁable of filling in any

insulating gap between the nanowires.

Figure 6B shows a composite film 196 having an alternative
arrangement of the nanowire-based film and the ITO film. As shown, the
nanowire film 192 is first deposited on the substrate 110. The ITO film 188 is
sputtered on top of the nanowire film 192. As in Figure 6A, the nanowires 194 do
not necessarily form a conductive network themselves. Nevertheless, in-plane
conductivity can be established in the composite film 196 by the combination of
the nanowires and the overlying ITO film 188.

As shown, conductivity throughout the composite film, including

surface and in-plane conductivity, can be superior to that of either constituent film
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186 conprises an ITOfilm 188 on a substrate 110

(e.g., glass), and a nanowire film 192 positioned on
wo opsns13vhe | TO fil m 188, the nanowire fil m 192CT/US2008/060937

conprising nanowi res 194. I n one enbodi nent, the

| oadi ng density of the nanowires 194 is bel ow the
alehecte.i thel naowvdce-basedh fitnm aod Itlé dTO Kimme Advantagsously, the
Csur,f aC?f' onducti vi t

t

P epmplamety Saoh.0Ber i At aRTERI e Viis Rppedies that
alf%iﬂﬁowﬁa‘ﬁ'}ﬂ@%%l‘éﬁd(*iﬂﬁ Erbets bBthe Endndsinae. FoPexample,

m1s capab Ing 1n any 1 nsulating gap
dbe towrepresencaobaicoatinudtisgiTiCfiBs veliemwsornendeg ts a tveltage

film 196 having an alternative arrangenent of the
SQHIRBuINeCARRRSICHIMhasa MaTe Unfermigiestnoal RateRie! rﬁe%that of a

AR Rt oLt lson 5 P8} on e
oth@nfvhd ethii nanoliies aow for cegaineddifreet béflexingw thescdriiposite

do not necessarily forma conductive network _ _
filmwithewteaising:lpss imeprductivity- Fraa¥aMBIf tRe Nnanevyireagandridge

ERrAARRS i ML ARTER Lo i bdRaliah Bpgurtiy. thus
pfévbmiﬁ@?ote%iaﬁféﬂ%s ifQRE eekipdsity filrh ieghiahysital stress.

conmposite film including surface and in-plane _
conduct i vintgdditiem hesavapef the high aongduciivityeafithe nanowires, the

const.itue filmal one, i.e.. the.n ire-h AN
oG Bt sqripoSRULm cbbe brier EBE GoopAREq thatb a pure
1T KifiR af HEPSHTB MhicRAESS. Ot RethekdTofy PEShIe ttb HROAVCEE B¥hPOsite

properties that are nore than the nere additive
filef fret has ef thirner dbOSimtaseaconstitment than aepunedl©, filduyet is

th resence of a contin | TO fj | wh t )
cARpnIE o Feakginc ther e v B rprusdiciidty b i, ires Mg 17O fim.
R@Hhéiﬂ%%@ Itfﬁ&l(ﬁésgaéf OfreMilnRbah BRBciyRsultlin @ reduction in

transparent conductor based on nanow res al one %see,
fabrisatiorrcosty and@ BsulOn drhd Mfilme thdtas tbsstprena o ractues.

allow for_ certain degrees of flexing in e Co site
filmwt hMereursalPudhs eiGonstienb s fP{).g'g|itEﬁSn&(3 and 6B are
. @ ' i i £
e DAL R e es o R8s, BGbteRBa at e
resislivitg of td somposite filiregambe ngweothentthalregisiivityrepeicted for the

the conposite fil mwhen in physical stress. In
pakadet resistonsd eaestisaf Exaapig; 4§h Figwe R sghematicalyghows two

BB s GEHEHANR an BRsBRIRPRA. AS e
overall resistivity R of a set of parallel resistors is:
R = (R1xR2)/(R1+R2)

Example 4 measures the resistivity of the composite film formed by
an ITO film having a resistivity of 250 /00 and a nanowire-based film having a
resistivity of about 250€Q/0. If these two constituent films are merely parallel
resistors, the overall resistivity would have been about 125 Q/0. However, it was
observed that the resistivity of the composite film was in the range of about 50-80
Q/0, which was much lower than the expected resistivity of ITO film (250Q/0) and

nanowire film (250Q/0) as parallel resistors.
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ITOfilmat the sane thickness. It is therefore
possi bl e to produce a conposite filmthat has a
wao hiosnar3od TO fil mas a constituent than a pur ePd052008/060937
film yet is capable of reaching the same |evel of
conductivity as the pure, thicker ITOfilm Reducing _
t he t hi ckDptisaltyf thencormpositd fitnt ean bierless tejleptéwthari ah nanowire-
red tlonlnfabrlcatl ncs ng result in _an
basadh i apnpt e Eondie iRy evel s Fiissaucn d transparent
chdUeRs mteﬂﬁel tophed Hf?ﬁ%néwﬂré@s aorfedﬁbﬂéﬁ ﬁﬁth%tﬁﬁgerf’cﬁ the

are in an arr ngenren resembl es two parall
namswvisésocsyld iréswlislncmwiuwdnudnhghttstwtteaag én the nrgnsp:faremte

o&befilm_c?nb ower than the resistjvjty
cqbIEare bt BptenHaNa BeIBPonse PLASS incaRdugdl. "The composite
|
TFL3GRY o AR IF RO 164 LI, R SRRl
elﬁb)oyld@fe}wm\m,nom%@viﬂ‘r(ﬁit Inecessaﬂly uamsin@aafe(meami |nof
paral l el resistors is: = (RIxR2)/ (

Cﬂ?ﬂfhéiﬁi?/@édﬂﬂéo mesmnl@m@ptadpwn@ctefamgvlti@d zbmtheﬂ

b I T t f

Byt e D ThRY bRAeGIME LR e el g ol 3 tﬂgcﬁe film of
Figoray én anld 6BleEQem{marg¢lﬁ@tbl bxieeftilrhs Immucw @ope&d ing oxide film,

paral lel resistors e overall resistivity would have

flunrine dopad tin egide/fihn, pliRinem dopedasc oxiserilew ZnbanOs,nSNOs,

MaBEcE B Mg N maReOfulbr Pt e fofine TS, 6. p.
RXIRE FRA Pl Bidplay Q(Jo‘hfn WTQ/ BhdBdnd50¥9H). and nanowire
f|Im(250WD) as parallel resistors.Optically, the

conp05| t eTypicatly; dme b@mpesﬁe treﬁSrwlent/eomdm’aOrabased ona
ovvlreb se il mal on iven con

. g ’%i Vit ,}/ ide i
C‘P’E EYALOROT fheda Virg eagtF ;S‘é‘PQWfreE Aadi&:rpetel pxige film
h%?obfh? Vit frah SRR sRIn M%‘M’t%"/f Bat!| €544 B0oR Natl léaéthﬁ)%1 'least

nanow res could resu in a reduction in 1ight
88%avt at leagt 85%:, beat leastpaoe ot at leadti85%r (Using air as reference).

The  ConpobyRigaly, (s GoRBPI §aDsPa R LCUNBTRARELOR Bus
cérﬂbm%h&ﬁ dy ?ﬁ%tﬁfhérﬂ)v!nfé%r% g? \;e‘?rn'aﬂgvs)i)rlés)agﬁ haI Bﬁ%rﬁlm
essa e

owmres w out nec y causing a crease In

ha:@ad;hebt rdsistadceirt ihetrangs fioph ¢MOT0AD, depemeirig o the end
provi ded by the ITOfilm O her metal oxide films can
a%@'%&'@ﬂ of the gemppsitetrgpspaient qandycter dylors B{BIC@HY dhe sheet

regs)%t%@?eﬁﬁhl e iR ofHdHG of )% 10Y0 845 ARAB0% Fto 750 i,
50 /0 to 200 Q/0, from 100 Q/O to 500 Q/0, or from 100 ©/0 to 250 /0, or 10
Q/0to 200 Q/00, from 10 /0 to 50 Q/T, or from 1 Q/0 to 10 Q/0.

In preferred embodiments, the composite transparent conductor
based on a combination of metal nanowires (e.g., silver nanowires) and a metal
oxide film has a light transmission higher than 85% and a sheet resistance of less
than 1000Q/0. In other embodiments, the composite transparent conductor
based on a combination of metal nanowires (e.g., silver nanowires) and a metal
oxide film has a light transmission higher than 95% and a sheet resistance of less

than 500Q/0. In other embodiments, the composite transparent conductor based
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fluorine doped tin oxide film al um num doped zinc
oxide film Zn2Sn®»4, ZnSn(Q3, Myl n2O4, @Gl ng 3,

w@ sy 3, Zn2l n206, 1 n4Sn3qg -i2 and so f orp¢ir/US2008/060937

Crawmford, G P., Flexible Flat Panel D splay (John
Wl ey and Sons, 2005). Typically, the conposite
omn raaamp!ainaﬁmn obmetaltr@nobéresdegn, silveonbhowirepraraf a megtal oxide

fiy %Wﬁﬁﬁ?\afrﬁr'%ﬂrssr%wgﬁ%@r OrO% S S TEpplanke ot Tess than
1%@ &b, W%h rgreﬁ%/"thé’ﬁo ogﬁé‘gg%gl?a/r‘énpfzoﬁdudt&%?ésed ona

or at eas or at ast using alr as

cmrabrﬂaenn ef metghnaradvises (ehg, sivgnomnbwires pasgarraetal oxide film
conductor based on a conbi hati on of netal nanow res
hagadight gﬁnwrssrerhfaah%&uana‘}ﬁﬁ/ o aNRed et ieaistanceaffess than 50
Qﬁﬁreet resistance in the range from1- 108W D,
ependi ng on the end application of the conposite
transparent conductor. Mre typically, the sheet
r esi 4t anc€onductivet Pelymenféiim ad tHe Serdridaly CdnduttiadMedium
WD, from 100 WD to 750 WD, 50 WD to 200 WD, from
100 WD t & mhwenberdmwrﬂhfo@mvwreotrwawm copdugtpr

BI'I Qu t? é’tg\ r]erWr d QorﬁB n\é’d[avr e se'é8mi Wolaductrve
i v

erred e drrre

nfeﬁ&.nﬁmh@r@-in m@bmerwa@mhowe anetdmm K ¢c§1ﬂrrﬂbu§tpb@lmer film.
nanowires (e.g., silver nanow res) and a netal oxide

fil mhas &ertairrolymersaieseqnsiuctivg Hue to Iplgetienig delgcalization

R e Eho B Barkan b Bhohlsr averadnfh Ao Eon

erdmpleC pERMERS feiined ofBitéthatidd e M’Pfeeénd aogble csdrbcyﬁ-r:arbon bonds
nanow res) and a netal oxide filmhas a |ight

can presvidesgicontinigiiepathtefwvedeapping morbitelstinvetichs thenelecons can
| ess than 500WD. In other enbodi nents, the conposite
sparent conductor basedon a conbination of netal

nanow r eSCbﬁrrﬂon ClRis5¥S bf BRIV <§<§‘r§3uc~ﬂ0éi p@ r%r'iﬁ‘i‘ér%'|nr51?561@|‘5‘vvrth

filmhas a |1 ght transm ssion higher 0% and a

liratiatian, rp@w(acetylmeas dobd pytrolas, WW(dehdm)thy(anrlrne)s
ite tranls conductor base

DRSS Aol e by U Hap e e S o (o it '@ne grrtbepﬁenw also
k@%ﬁ%ﬂr@gﬁnﬁo%@t@% %g@eé r#ém é@?‘ reS| stance of

polgparapheanyl&fie VY &ly(phragierdderne sdlfite), e poiy(paraphenklene

Secondary Conductive Medium I n another enbodi nent, the
VipYep8iS-t e transparent conduct or

Although a conductive polymer film alone is typically not conductive
or physically robust enough to function as a transparent conductor in a display
device, the conductive polymer film can be combined or doped with metal
nanowires to form a composite transparent conductor. The composite
transparent conductor can rely on the metal nanowires as the principle current-
carrying medium and the conductive polymer film as a filler to even out the
electrical field. In addition, the metal nanowires can also reinforce and
strengthen the mechanical properties of the conductive polymer films.

Optically, the conductive polymer film can also adjust the absorption

characteristics of the composition film.
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conprises a plurality of netal nanow res conbined wth
a secondary conductive nedium wherein the secondary
w@endusive mediumis a conti nuous pol ymer filPET/US2008/060937
Certain polynmers are conductive due to electronic
del ocal i zati on t hroughout a conjugated backbone of
cont i nuoubigove7 Ashowsga colipoaits filnF200eoammises spedndustive
forned of alternating sj e _an ubl e car bon
PRIgIRE e 0% 45, 7 Gubsign Tehiscre Sseh A¥! % UaNPUER TG 220
fokéd &n kdb ¥hinetd Epbi/ATET frARgaccupy. Common
p6)éfllasses g?égrganl C Hg%ﬁg ?I \)/@bgo nmers include, wth
l'imtati oRigupslB(shostsyd eomp@slt@ﬁlnyeﬁprhayir@ an alternative

a%@p rtgglgi &f&ﬁgﬁ'?aggn}%ﬁegésae% iim a?r%dS thepc?clr}/d&mltnlfg IE)S n%esr’film. As

SRS B PR DBty o 58 dpevare ERRE

ceraduatiae pohene fime1 04 ddpositeg lvertpp ofi¢ths nhhowieg film220. As in
pol y( par aphenyl ene_vi nyl ene)s. Al though a conductive

Fys@rg/ r the NaRQWiEsRe224 dp st Bgressait farahri Gendyaivgrmetwork

R e D T2 R B B A958R

cémbasxreaﬂlnbzs@ ohé e8ninatRpest the inAntRirak armartnmvgﬂyuhg
forma conposite transparent conductor. The conposite

CQnmlpﬁrp@Mm@rdﬂmﬁQ‘br can rely on the netal nanovvl res

h d
contuct | b BlSroBthd BRSRHER e Mepibfvitsirare first
d@ﬂ)@éitfeald-‘rﬁihefslﬁis&até Bn@ @t B @andbbRvemétdoriaTAVICOAG U

al so reinforce and strengthen the nechani cal
p@lyrmae fitrh eandfe fpheedcnlmctdamsm tpelrpenai nandwises optwarkilaisygn

ol Al B SR G b oo e i g e formea i st
nsfc;iom'"jBL}Fhﬂé‘.r mo?ﬁsﬁgre\'@awy CRIMAS i dwifd- EQ%&PQOE&EH%FV Sr%‘fw@rk as an

ctive poly I ’'m 204 on a substrate 110
elgctede (i.aapdn annde))\pyrrele‘ rriomoﬁﬁbs pan |etleatlwuenmcalky|cpo¢ymerlze
t he conduct i ve ymer, film2 Fjﬁgure

At asBp oSN nase CHEIW%’ed?Pt‘A’Pf'%r ¢ PO@d‘é‘ftﬁ’gor%@}‘fgﬁf film can
a@B btehl%rrﬂéa Q:Wehﬁcgﬁﬁﬁ Ghd gtﬁe@'&g #f 2%(%’( ég’e‘?\t BRLYg to

kr@bw@méthddspm theeark U'ﬁlsé regdtingl Gompbsite transparent conductor
features nanowires embedded in a conductive polymer film.

Typically, the composite transparent conductor based on a
combination of metal nanowires (e.g., silver nanowires) and a conductive polymer
film has a light transmission of at least 50%, at least 60%, at least 70%, or at
least 80%, or at least 85%, or at least 90%, or at least 95% (using air as
reference).

Typically, the composite transparent conductor based on a
combination of metal nanowires (e.g., silver nanowires) and a conductive polymer
film has a sheet resistance in the range from 1-10%Q/0, depending on the end
application of the composite transparent conductor. More typically, the sheet
resistance is in the ranges of from 10 Q/0 to 1000 ©/0, from 100 Q/0 to 750 Q/0,
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conductive polynmer film 104 is deposited on top of the
nanowire film 220. As in Figure 6A, the nanowi res 224
walooosnsidmecessarily forma conductive networ k PCT/US2008/060937
t hensel ves. Neverthel ess, in-plane conductivity can be
established in the conposite film230 by the
5@ B ite 200 sH o frorh 0 &dde 686 C¥Ridot fremoiQd £y kg 250 Q/0, or 10
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conducti ve polynmer filmcan formed 1 n situ using
badesl oretalonmzination esmet! wankwirss ¢e.gel stlver nasowifes) and a
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reeﬁté\%éqmg%‘% Frga?rpmzﬁgglﬁiﬁéﬁ’&nﬂﬁamrhs,atﬁe%m osite

ectrode , an anode), pyrrole nononmers can

trahspErencdurduciiribaspdlomz combirmtidnfafmetal naadwings (ngt, siver
conductive network. The conductive polynmer film can
naneywress angrareendyrdive palyrger fijm has aﬂlsabt\?e@srafssm higher than
[ ' ordj t ' t
o AL FeBEARARSLE LSOV SORS B Bl B L e

carapesitd #anspErenidsshduttcr bueduti & ¢enmbiatiorroffrhétal nanowires
Typically, the conposite transparent conductor based

(eath, silasmsinewineshaod argansiuchvs palymes fiira has a lightweansmission

. i o d d ' I fi i apt
nBRGE A % 3G eI Ebla Bl e el 1O oL
erhBoRlinfénta! theRdmhpcttétratspatert@antiuélbaséd ah 4 é&dbination of

90% or at least 95% (using air as reference).

mejalinaabwres i 9. calivposanewiregransha eandadivéuralymebfilsebias a light

on a. comgi.nation qf t gl nanqQw r.e e. silv
trisiDineRedy S Pan Ao ebdia N e RneRicenshal S

resi stance in the range from 1- 108W D, dependi ng on
Ekf&ﬁic%ﬂgné@tic‘éﬁpi'@rﬁ’és t he conposite transparent

conduct or . re typically, the sheet resistance is in

t he rangeAs discussed horeiw,Dhe contbed\cmddctiye mediavn the o

750 WD,50 WD to 200 WD, from 100 WD 00 W or
CqPBARIEDERIRSEE! BRI PTOYIdE SMRBRElEI DTS, OF FiArEse

AT of theMdividlR EehdbRtiVé PheditimPreHede! isti

pr\ggggiﬁ%ntgﬁp\sﬁﬁ@%e %onposc?‘w\gbtgr a@sdr];}a%rlent eC(;'“rj]duct or bs?@g(r]gls '
inprogements ofahe @ongfosite ttainsparenticoadugter mcjudsd, bukare not limited

nanow res) and a . .
to, more uniform electrical potential (when connected to a power source), higher
conductivity, better durability, higher contrast ratio and so forth.

Typically, the composite transparent conductor based on a
combination of metal nanowires (e.g., silver nanowires) and a secondary
conductive medium has a light transmission of at least 50%, at least 60%, at least
70%, or at least 80%, or at least 85%, or at least 90%, or at least 95% (using air
as reference). Haze is an index of light scattering. It refers to the percentage of
the quantity of light separated from the incident light and scattered during
transmission (i.e., transmission haze). Unlike light transmission, which is largely
a property of the medium, haze is often a production concern and is typically

caused by surface roughness and embedded particles or compositional
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conductive polynmer filmhas a light transm ssion
hi gher than 85% and a sheet resistance of |ess than
WA @BMSB4 | n ot her enbodi nents, the conposite PCT/US2008/060937
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on a conbi nation of netal nanowires (e.g., silver
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SRR oAt FEUIRIEN SHhoBFnbAUBIERLED, sier
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o3 o Siehl e ity é?%ﬁﬁﬁéctm of 1L bEppyirs
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combination of metal nanowires (e.g., silver nanowires) and a secondary
conductive medium has a light transmission higher than 85% and a sheet
resistance of less than 50 Q/C.

The composite transparent conductor described herein can possess
electrical and optical properties suitable as electrodes in flat panel displays. A
typical range of sheet resistances for transparent electrodes in a flat panel
display is about 10-100 ©/0 with a transmission of the layer of higher than 87%
(when used glass as reference) or higher than 95% (when using air as

reference).
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no nore than 3% or no nore than 1% Typically, the

conposite transparent conductor based on a conbination
w@Roosesdh4 nanowi res (e.g., silver nanow res) aPdI/ES2008/060937

secondary conductive nedium has a sheet resistance in

the range from 1- 108W D, depending on the end
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nbodl e conpasite anspar ent ctor sed
B, SR fq o & Cellaap anf Eré@ a('@eES D94 bpsiichcd

o P S e o

miotssildsheonfin@daiValzell crhawgleethee m:bnﬁhrnmtuba in tdsponsepio sintapplied
transparent conductor based on a conbi nation of netal

e'ﬁﬁﬁkg\/ﬂql%ge(@raéed betweast Weableiredas. and a secondary
50 and OehEdpaRdontBbor bl ARRRTO Ak AR of itowires,

atothBejestal s dIon tondlidivity @mdARht Bahs ARSI, €N spacetiisétaieen the
based on a conbi nati on of nmetal nanow res

NANQWiESS Mandw eapparable o %@dwﬂawstab aal §ﬁp\((lee nicallgap”).

THES Elomeeaioig R AR oPIT Brysif MaRehiB et R be

diivth BPResahe dé@ﬁ%ﬁk@(b&ﬁﬁ%@?ﬁt@ﬂe@@&ﬂré@ﬂoﬁ) causing
conmbi hation of metal nanowires (e.g., silver

undgsineidriesyl mnﬁosetsomﬂbm;opﬂ@aljpropem@sm‘dha gehas a
sm, ssi on hi

reqi st ancB oS SomRARTS Fas parent £outhiiaS fehe electrodes,
héWé%?P éﬁé@ive‘?ﬁé&%@ lor @8Rt thd §ﬁ§¢é‘b@%e‘?ﬁﬁ§ Sahowires.

el ectric and optical properties sultable as
Typiealty, datmEmesh s‘izeabeipmmi thél rmoawms show:bbe téssrthagd/Dbf the

AR s Bl PR E s ol lsabt 3ro o
g 4 oo B g e
enables a uniform electrode field be applied across the liquid crystal cell,
resulting in a uniform orientation of the liquid crystal molecules and therefore a
homogeneous optical response.

As shown, if an electrode in the LCD cell comprises only nanowires,
a surface loading level to afford mesh sizes of 1/5 - 1/100 of cell gap will result in
poor optical properties, including high haze and low contrast ratio. However,
when composite transparent conductor is used as the electrode, the metal
nanowires (or metal nanotubes) of the primary conductive medium can maintain
a mesh size on the order of the cell gap, while the secondary conductive medium

effectively reduces the mesh size to about 1/5 - 1/100 of the cell gap, or

eliminates the mesh size, as in the case of the continuous conductive film. The
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reference). Moreover, when used as el ectrodes, the
conposi te transparent conductors provide uniform
web®@snsizeal fields that are particul arly advane@nesess/060937
inaliquid crystal display (LCD). Figure 8 shows
schematically a LCD set-up 250, in which pixel
resludticigrloCie c2li4vithhdve imptovedalell arfodamap6e asrtbe wﬁcalcproperties of

apart. by apbout 3-5 mm also referred to as "cell gap"
thﬁ%ﬁ?@%ﬁ%m%@’%el I s 270 are positioned between the

two el ect Tﬂg%sones% m‘?’érﬁgﬁﬁldéé‘ a'-lﬁgloo%’rgﬁfé‘l %ﬁll W&t electrode;

l'iquid crys ecu es confined in a ange

ahdh ei second fetectride) wheneinesymtical distaaoe bpiweathe ferst eliectrode
field generated between two el ectrodes

apd Hirsparit clesiedr defines acel @aeswmr%aﬂéjﬁw%%iﬁcapde is a
C(ﬂ"ﬁg%ﬁé frans reh{]@or%‘?ﬁéerqgclhaxﬁ l%gflm%g%ggﬁ&uéﬁ'vé%é’&gm and a

ran n133|on he  nanow res

s&Eond2ey eongwitivel rediand, hmdlwmredw thiey ptimarg ebhdwative medium
e., "cell gap"). Thus, it is possible that not all

lr{@fudeﬁeneﬁadq naaowm%oamaﬁ@h nengteles that have aimesh pizesn the order

of it b ) RIBIrE G SeeiRlery b B Ao AT ifpgpuous

chrﬁULIdﬂQe Pithict A caHRREVE hetwstk of hRneSirlctuIEhaihd 8 mesh size of
conposite transparent conductors as the el ectrodes,

abowiel/&ito 1&t0Gefithesieyl gapduces or el ininates the space

bet t th h

et vee o Rioie 0 oRiD) b 514%, SMe7k Epogipents. e
condlittide HtFdK of“rﬁdﬂos& Brurd®h8vd URhERM Sive of BBOIESH t§'14130 of

shoul d be | ess 10 or 1/100 of the cell gap. The

ther esdlegage omfabbbews,i@domda@(yofsthedm&jltgam medi um enabl es a
uniformel ectrode field be appl cross the

S
orySeal GBIV of fHeapeve Jes bR HAmoRSHeI T ShERt SoAghcior can
%r&%eb I34hd fl?étye?é&hd@éfecﬁé'Iﬁﬁloa%sttgﬂg\él\ﬁf P{)fege}]mple, in various

onbgeneous tircal res

enibedtm@me the ;ﬁﬁmarwtbrmbtlve mediuraeananétal nanownres(se.ga silver
surface Ioadl ng level to afford nesh sjzes of -
nanawigesordaetal @aaowopﬁ (28589 NANGIKBES b pky Qrsr‘erred

emb%ﬁﬁéllﬁgsthe' & a\l}’vﬂ'aﬂgwnéglar H‘?&etgl AL HLONE SRINS6. %ghm( in diameter

transparent con

(d@eM@@ﬁwe@érfohﬂaﬁbl@@béEdﬁd 5t3teunElbay. nanow res (or
net al nanotubes) of the primary conductive nmedi um can

mai nt ai n &hensepordany condupliveomgdiumnpmayiackiglela gaipductive
ng\]’vorﬁ otf Iagrbso%cr?ann%?uyesc ?néjt%i:}mér\{c?wesdbﬁg]rent from the metal

nanowires of the primary conductive medium, or metal nanotubes different from
the metal nanotubes of the primary conductive medium.

Alternatively, the secondary conductive medium can be a
continuous conductive film such as a metal oxide film (e.g., ITO film) or a
conductive polymer film (e.g., PEDOT film).

In a further embodiment, the second electrode can also be a
composite transparent conductor, as described herein.

In certain embodiments, the first electrode has a light transmission
of 80-95%.
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effectively reduces the nmesh size to about 1/5 - 1/100
of the cell gap, or elimnates the nesh size, as in
wao bh@sasesed of t he conti nuous conductive film  PCT/US2008/060937
Theresulting LCD cell will have inproved cell
performance as the optical properties of the
eI ect r odeAs idigmussed, thibeomposée dransgarenticopdoctodesambe

cr taI cel | flrt el ect r ode; d a second |,
desighed IR rabls Py of RORR i oIy esnCiates) with metal
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erern secon ary

ameslily mrne sv@raq @@tattenga|rﬁ|nrs¢hestbe\cau§e rm@n@mmml present
network of nanostructures havi ng a nesh size of about

1/5 to 1/100 of the cell gap. Typically, the cell gap
AbSit t T mm |In certain enbodi ments, the
' etwor k of nanostructures have a nesh size

of about [ $furthetehibatfimehe a?ﬁhbr‘[gésﬁar dflovak®idh cah bejepOSIted
to 1/ 100 of the cell gap. Any of above describ

tocgiabilize audtnfaiespt:heecrnmnwtmfampafam cmdu@tm ddet m@rcoat can

first ct ode of.t i d stal

alsquarpyide TiorabfE GiiceLRmpafifsnsto Bk 2nyrdints gid antireflective
ploPRAEE WHicHBEWETD ?@'ﬂ\éﬁ{eégcé‘ ﬂ{@Mﬂ'é%ﬁvifof‘Ethe ninb Sﬁlcles

nanovvlres) or netal nanotu (e.g., gold nanotubes).

I n pref er Tleags,dhb oderosat sambbe)nmd)rainormobamhaatcmt aataanltl-

t 20- 80 d t
AR BYST ARG THp ARG TorRECs SR8 AR je cahebicD are
R By oUsRBL i Rt PR SRR ALOA fﬁafn*%‘vﬁ’?ﬁ%ﬁ%l
11¥804\822es of the primary conductive nmedium or netal

nanot ubes_di fferent fromthe netal nanotubes of the
primary clémnaetqw %abmarmqoaisn@pwia synthatic polymers such as

PSRN 58RI, BTN BB 4oy and
sd bhm&@t@bﬁa athglaee nvatenals\are wdlll Rnowreinghe arEliXgluding Mithout
limitation, siloxanes, polystyrene/PMMA blend, lacquer (e.g., butyl
acetate/nitrocellulose/wax/alkyd resin), polythiophenes, polypyrroles,
polyurethane, nitrocellulose, and acrylates, all of which may comprise a light
diffusing material such as colloidal or fumed silica. Examples of protective film
include, but are not limited to: polyester, polyethylene terephthalate (PET),
polybutylene terephthalate, polymethyl methacrylate (PMMA), acrylic resin,
polycarbonate (PC), polystyrene, triacetate (TAC), polyvinyl alcohol, polyvinyl
chloride, polyvinylidene chloride, polyethylene, ethylene-vinyl acetate
copolymers, polyvinyl butyral, metal ion-crosslinked ethylene-methacrylic acid
copolymers, polyurethane, cellophane, polyolefins or the like; particularly
preferable are PET, PC, PMMA, or TAC.
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In a further enbodi nent, the second el ectrode can al so

be a conposite transparent conductor, as described
wheeoeisn3od n certai n enbodi ments, the first el epCT/U®08/060937

has a light transm ssion of 80-95% As di scussed, the

conposite transparent conductors can be designed to
Pattenireg undesi rabl e | evel of scattering typically

associ at e nanow res. cayse th secondar

conducti v EAMARSIS tEREPIN CaPd YRGS Toe MR G

M Il of

b EFAnGRARRITAR Bsct ARy KRORHEebo in I artand allo

tHeaemaitersnngypetthbwesonbecefri es-biwed draveeperdingteS. Enatent
nprises nanostructures having small scattering

ABPIAESI08 A1 o822 13/87d5KA h  CaThies ysed 40 patiem heramposite

use fewer nanow res are present.
tr%d%ﬂ%%ﬁﬁ%q?ﬁy{%}rs In a further enbodi nent, an inert
| ayer of overcoat can be deposited to st ab| lize and

Applidatiohs tdf ¢thee Copsisite Trransparent@onductduct or . The
overcoat can al so provide favorabl e optical
proper t i eShe spEpOgHe ar@nﬁpgneal.t gondkictaR deseribeddarpipesan be used

a?hﬁfi@éb?ﬁﬁ@s@ﬂcﬁ%e ) ggg?t[aé{: eérg)g\ﬁﬁeh%%g\llorﬂlterﬁ in a

witR vdrety aed@vlcwnﬁcloﬁmg dlethe dxvides that eurrentf makés use of
| ayer, a protective film a barrier layer, and the

matau@xm filmst (evghi FFOar igisa éﬁgpwas,cham@gg&xea deice 250

mg%ﬁ@%ﬂg ottt s Stk Eanc deipE2R4 il 8 Fgiblha 228 The

Pbéwé tranSSUrERBESNCLICEST G 1RO bR iHe &iSoveed®cribed
ur et hanes, polysilanes, silicones,

ccmﬂg,k(raﬁlcmsmf mlylnahqnanﬂtf@cprwnary&mdubtme mediurgl(&e.ea plurality

rials are vvel novvn n e,.art ncludn w,.t hout
of P '&@mw'reﬁ 53 Ines S5 Suldifas iEnd bor bR
cér%ftﬂ:twe*ﬁ acet at e/ ni trocel | ul ose/ wax/ al kyd resin),
ol ythiop enes pol ypyrrol es, pol yurethane,

nitrocel |l Ekmplesanfdswtcbbel davices iacludefflaivpackl di"aplays such as
LGB blrsnetsiepia pamelsiTURY spefiet BB cplhE HEror ﬁeféu%ci‘ at panel
IRyl Oy elodTa o Smalol e SHor ) b sheking
furetignatdiyssesgelpcioy letdatrocRMviic, wiadows), opteslectronic devices
including EL lamps and photovoltaic cells, and the like. In addition, the
transparent conductors herein can be used in flexible devices, such as flexible
displays and touch screens. See, co-pending application No. 11/871,767.

EXAMPLES

EXAMPLE 1
SYNTHESIS OF SILVER NANOWIRES

Silver nanowires were synthesized by a reduction of silver nitrate
dissolved in ethylene glycol in the presence of poly(vinyl pyrrolidone) (PVP). The
method was described in, e.g. Y. Sun, B. Gates, B. Mayers, & Y. Xia, “Crystalline
silver nanowires by soft solution processing”, Nanolett, (2002), 2(2) 165-168.
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pol ycar bonate (PC), polystyrene, triacetate (TAC),

pol yvi nyl al cohol, polyvinyl chloride, polyvinylidene
wehiosnsded pol yet hyl ene, et hyl ene-vinyl acet atBCT/US2008/060937

copol yners, polyvinyl butyral, nmetal ion-crosslinked
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preferabl e are PET, PC, PMVA, or TAC. Patterning The
KiyMp 58 h@di’transparent conduct or descri bed herein can

be patter : ' n

ot hods. | NERERaeY: AT saF henGhiiey BER b SHhUERAR directy
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Applications 11/504,822, 11/871 , 767, can be used to
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moRé dBillh ¥ SaPréwgiehaIonslichtibiNG 608 153627 A SRA hae of
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Camhr@tsyTe@hnd@glefe@prpqnamm |thg aaSIQnee of thayprasent application,

k | , 1 TO.
WRICHL S '?Xgmtﬁ?ﬁgﬁﬁgféﬁﬁg‘%@'y AT Do0' s ndi i ng. &
conposi t e thaFsRAiRY lexafPES sHlerlRdndviires mrﬂ% %@ﬁm in

The conposite trans arent conductor can be any of
witto aed oot Bped2§omfin gength ivere usedc d'ryploadiw lmetsercnfptrcale

mar nducti ve nedi I et al
PRI Giahes feprsis e oY lonshisas B Hsiathibyed with Higher

AR A P T P g EX?Z‘SLGEUEL e i?:%'s,e

pl asma di spl ay panels (PDP), coatings on color filters

for colored flat panel di Egh@myiss 2t ouch screens,

el ectromagnetic interference, _el ectronmagnpetic

shi el di nd;RERARATIONIE CEMBRSIEE TRANGPARENF CONDUCTORS

el ectrochrom c wi ndows), optoel ectronic devices

i ncl udi ngThe m%tabﬁarmmrqﬂmmb@mrmtda@élm@ amink gameposition
t he trans(;&)rgrent conauct or s._her

ooy oiste s an ¢ ruRbERe G fo ROy AR B pudh &s Imo
filfh, Sdﬂd%d%ﬂvé BHfilrhe?(fi'lrﬁWS See, co-pending

application No 871 , 767. EXAMPLES

An ITO film can be directly sputtered on a substrate followed by the
deposition of the nanowire layer. Alternatively, a nanowire layer can be first
deposited on a substrate, followed by sputtering an ITO film directly on the
nanowire layer.

If the secondary conductive medium includes carbon nanotubes,
the carbon nanotubes can be formulated into the same ink composition with the
metal nanowires for co-deposition. Alternatively, the carbon nanotubes can be
formulated into a separate ink composition for serial deposition before or after the
deposition of the metal nanowires.

Typically, the ink composition comprises agents that facilitate
dispersion of the nanostructures and/or immobilization of the nanostructures on

the substrates. These agents include surfactants, viscosity modifiers, and the
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EXAVMPLE 1 SYNTHESI S OF SI LVER NANOW RES Si | ver
nanowi res were synthesized by a reduction of silver
woRasasBodi ssol ved in ethylene glycol in the pPErESMOS/060937
of polyvinyl pyrrolidone) (PVP). The method was
described in, e.g. Y. Sun, B. Gates, B. Mayers, &Y.
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0303591 GObYA foP 2P’ ESRPARD) BORKER B 47 iscosit ruodifier
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ReBrasnra b B ekaies of srhrdrlle ShetfBRhlscbiyeb TS Esbozany®
FSCD \zoﬁpi@ RSH, FRRIH Q00 %WME)'WTQH '%60\@f6b7l)86£bodecyl b-D-
Typically, bétter optical propéerties (h
maitaalslmaem:i Nuv@n dEkarmtesmfzsel)tabbrmmwy rnnwﬁerswnclbde

her as rat| and thjnne
mrepz oS i M it N BAREAGIAN G, polyviny!

l@%@?&g pﬁﬁéﬂ'wd&%{‘ﬂ?ﬂ(&g ety c%ﬁul%@é mr‘ix%hgﬂeé Bf Suitable

an rnk co 03|t on prior to deposition on a substrate

savertsdoclude water amhidoptopamol.i | m such as 1 TO film and
conducti ve 8orlﬁélrrer films. An ITO filmcan be djrectly

Sput t or edT 6 MK GABRRHERR cARPEAERAISY RARECRT ASISTS of
cé%r@%ﬂ?ﬂ”o‘? fha Rfrowi &8 VieRtd 4 exaofriﬁ{;‘?cﬁcﬁ@%gé%&fy of the

can rst deposited on a substrat
firsdl Wohaucthg Rl ioﬁ@eﬂldrmhélslmtr’axe on the nanow re Iayer

If the secondary conductive medi umincl udes carbon

nanot ubesThe substrate can be any material onto which nanowires are
deposited. The substrate can be rigid or flexible. Preferably, the substrate is
also optically clear, i.e., light transmission of the material is at least 80% in the
visible region (400nm — 700nm).

Examples of rigid substrates include glass, polycarbonates,
acrylics, and the like. In particular, specialty glass such as alkali-free glass (e.g.,
borosilicate), low alkali glass, and zero-expansion glass-ceramic can be used.
The specialty glass is particularly suited for thin panel display systems, including
Liquid Crystal Display (LCD).

Examples of flexible substrates include, but are not limited to:
polyesters (e.g., polyethylene terephthalate (PET), polyester naphthalate, and
polycarbonate), polyolefins (e.g., linear, branched, and cyclic polyolefins),
polyvinyls (e.g., polyvinyl chloride, polyvinylidene chloride, polyvinyl acetals,

polystyrene, polyacrylates, and the like), cellulose ester bases (e.g., cellulose
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t he carbon nanot ubes can be fornulated into the sane
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al cohol , asmupdsystoed by loneadkillgddaehe bytdothey depbyition techniques

cel l ul ose. Exanpl es, of suitable solvents include water,
caih Beiesopleyerhrg., serinenirtienApwdnetessd by @ Ty spanesl, die

nl e 2B 4 PETA S, SRR bl 2Bl RPBIRE Tostge. o
cEM &g vatirg, Blot eiaeshtiny, bhe theliké." Brigting fecHhidqsds @drealso

can be any material onto which nanowires are _
belsigedite directiherintiansinknompasitianeontod sukstrate avthoeravithout a

Pr ef bl . R I i call. I ,

patin: FB pambl NI P itk o ot ecBb Bl Ep e arpploved.
80% i n t hg iy furiHelr enbeestesY {HER YdViscdSiNand sk BRIV of the
rigid substrates include glass, polycarbonates,

fluid as well as the interactions between the nanowires may affect the distribution

and interconnectivity of the nanowires deposited.

EXAMPLE 3
EVALUATION OF OPTICAL AND ELECTRICAL PROPERTIES OF TRANSPARENT
CONDUCTORS

The composite transparent conductors prepared according to the
methods described herein were evaluated to establish their optical and electrical
properties.

The light transmission data were obtained according to the

methodology in ASTM D1003. Haze was measured using a BYK Gardner Haze-
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20

25

acrylics, and the like. In particular, specialty glass

such as alkali-free glass {e.g., borosilicate), |ow
w@bdal313g ass, and zer o- expansi on gl ass- cer ani BCOHS200&060937

used. The specialty glass is particularly suited for

thin panel display systens, including Liquid Crystal
gdidsipiusy The@rfacExasistivty whs hensubbe usingg Flakes! 75 True RMS

i nclude, but are not limted to; Pol yesters (7

71 B conductance

Mylineien T eprtactessiesisiangemetarTDe
ARG RS 1A RS DANRIR)orohe sygﬂeﬁ it Sné S fimg

I near cycli'c oryvin

relsistance (w@ybym@thqﬁv lpsirdeengs)| yvi nyl i dene chI ori de,
pol yvinyl_acetal s, polystyrene, polyacrylates, and the

| i ke), CeTthﬁg@oage@tpwtyggélge pangwires and an areal coverage of the

st B8 sl Tpe bRl Tnd ARRpRRAT A Paor R dRELS N

midrbséogeonvent i onal polynmeric filnms. The ink
conposition can be deposited on the substrate
according to, for exanple, the nethods described in
co-pendi ng U. S. Patent ApEPG\MBItE@)n No. 11/504,822. As

nano bR P ReS s b EON Bl B AP RrPAy Solbbtron

prepared. The silver nanow res were about 35nmto (Snfllm

in width AR4T @rfﬁmﬁ’éjaiﬁﬁtrﬁPHﬂ?r@ﬁerha g@ss sypstrate. The I
VR TREB 250y TP Pan e AR S EITO . T sver

naleEwitd fiiin SRisIbadedtardan inkat@agositiorm tren pecdwedséihduatiVe films of
60s, followed by post-baking at 50C for 90 seconds and

ah®d 309-5eH e bvplaest repistansat ed film had a resistivity

ol acs as BOCPATEASLs Yahtpdeht SATdlciq g Rhatil bt 89 a pair

owui@natregi@tdw Pe&shelet Irés%iahae WoelIcPhave Rhdeh d@retd valbe of

techni ques can be enployed, e.g., sedinentation flow
abeuteh35d- By0 /RarHaverathesiesutiing dontpesitelflw thewes! sheet

resitendtn Beango 2t o 41 Whidh WS <ty 1 Bhie RS Epfductive
r%ﬂ%é rc‘;%‘(plat:tl(-;% vahid. ”ﬁ\bé&dtr@‘w‘ hé %Sﬁmtfn?éd Bbridudive Weedla eRhibited

Irectly print an ink conmposition onto a substrate
superior @onductivitytthan fize mere adeitive efieots ef therngiedpal conductive
fl exoprl nting and screen printing can be enployed. It
mediUMr t her understood that the viscosity and shear

behavi or gji of fHe above U.S. patents, U.S. patent application publications,

U.S. patent applications, foreign patents, foreign patent applications and non-

patent publications referred to in this specification and/or listed in the Application
Data Sheet, are incorporated herein by reference, in their entirety.

From the foregoing it will be appreciated that, although specific
embodiments of the invention have been described herein for purposes of
illustration, various modifications may be made without deviating from the spirit
and scope of the invention. Accordingly, the invention is not limited except as by

the appended claims.
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fluid as well as the interactions between the
nanowi res may affect the distribution and

w0 niogngBmecti vity of the nanow res deposited. PEXBIIOLEF060937
3 EVALUATI ONOF OPTI CAL AND ELECTRI CAL PROPERTI ES OF
TRANSPARENT CONDUCTORS The conposite transparent
conductors prepared accordChgiM® the nethods descri bed
herein were evaluated to establish their optical and
el ectrical properties. The |light transm ssion data

wer e obta ned @cC TM D

1505, ok R oMl t{?&Shg?e@ﬂa@Pﬁﬁéwpﬁa@gard

Pl us. Thea$H @oh@§ctthlel MbHXINVREIUTRES Hphdraliyi dfdnétal

Fl uke 175 ?r uéﬁgzl\/s Mul tinmeter or cont actrjlil'ﬁcz,kss@I
naravisesoce phialily of Degtebnanaidees; Ant7B conduct ance

monitor. A nore pic devi c

Syst em i of SHEGIAT RgnALCH & inatLirg cByplelh e PRy conductive
miedfirh WHB¥etbnddiecdriduefid m%,%%m\méluduﬁ{; d scomngpe bes

and an areal coverage of the substrate can al sO0 be
namestructures od@rcantinopus cahdustiveddmni ng el ect ron

m croscope. EXAMPLE 4 EVALUATI ONOF RESI STIVITY OF

COVPCSI TE TRANSPARENTCONDUCTOR An I TO fil mwas first

sputteredyon ewrgé,t

0 Wb & o [T BOMoBe aRisPareht ohd idbt SFRIAP 1 3iHIIn the
pfimang carituctive vmdmmnswoselohed rorviap didise decondary |cnhduct|ve

conmposition that produced conductive filns of about
mMegiiMo0 WD i n sheet resistance. If the conposite

transparent conductor was treated nerely as a pair of

paral l el resistors, the sheet resistance woul d have

had an expect eTihg abposfte alaneparkdb condudoMbilainewemesrein the

the resulting conposite filmshowed sheet resistance
Piimanheondieue srediomaenderiies i ACORHINEBRNAUCHTE PHeiv.-

conductive than the expected val ue. Accordingly, the

conbi ned conductive nedi a exhi bited superior

conducti vty tTaé cbhpokReé eraddpateny eordifictet 6f cThint hevherein the
i ndi vi dual conductive
primary conductive medium and the secondary conductive medium are

integrated.
5. The composite transparent conductor of claim 1 wherein the
primary conductive medium and the secondary conductive medium are

electrically coupled.

6. The composite transparent conductor of claim 1 having a

light transmission higher than 85% and a sheet resistance of less than 1000Q/0.

7. The composite transparent conductor of claim 1 wherein the

metal nanowires are silver nanowires.
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medium All of the above U S. patents, U S. patent
application publications, U S. patent applications,

wo enosigpsopat ents, foreign patent applicati ons BETUS2008/060937
nonpat ent publications referred to in this
specification and/or listed in the Application Data
Sheet, ar& i ncbiheoompeditdtreasparent cenductorcef, claim 1 ivdiarein the

entlrety Fromthe foregoing it will be appreciated
sQqoRdanaFenirdMe SpRAILM IBCIFES & GRINUStVE neRSTk af gk Sesend type
eros%@ ggscrl bed herein for purposes of
ust ra various nodifications may be nade
wi t hout deV| at | ng fromthe spirit and scope of the

i nventi on Accordingly, the invention is not Iim
except as9by t e gppeRaie trapgpagntcandustar ofpslelahéqurem the

Q ri e
oSRRTRE BB R SRR R nauR i ERE b
n#hatupésty of nmetal nanotubes; and a secondary
conductive nmedi um coupled to the primary conductive
medi um the secondary conductive medi um i ncluding a
second ty 5 of nanostru% res or cont i.nuo
i 3

conduct| v+ 1 The BomeRe HaBsedatoidiliah 8l faim 8 wherein the

m@?eﬂ HeambWireSTare lpdkiifohetMRr B f HE cONM T Y reAREMCS dfbon
mediumis positioned on top of the secondary

nanotdoes.i ve nedium 3 . The conposite transparent
conductor of claim1 wherein the primary conductive
medi um underlies the secondary conductive nedium 4.

The conpog{ te ThaBSRPOSHE t J‘éﬂrgrﬁé‘r%h% r‘?éuc‘fbrad)f'ﬁlélrrw@%@' n

the primary conductive ne and t e secondary
carwhuttice inetworkdif warizorenamstabes isepositionethen taprpba idyer of the
transparent conductor of claiml wherein the primary
Metal FeeWI8Sedi um and t he secondary conductive medi um
are electrically coupled. 6. The conposite transparent
conductor of claim1 having a
12.  The composite transparent conductor of claim 8 wherein the

carbon nanotubes and the metal nanowires are integrated in a single conductive
network.

13.  The composite transparent conductor of claim 8 further

comprising a third type of conductive nanostructures.
14.  The composite transparent conductor of claim 13 wherein
the third type of conductive nanostructures are metal nanoparticles, metal oxide

nanoparticles, metal nanowires, carbon black or a combination thereof.

15.  The composite transparent conductor of claim 8 wherein the

metal nanowires are silver nanowires.
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i ght transm ssion higher than 85% and a sheet
resi stance of less than 1000WD. 7. The conposite

wao e@sgpdnent conductor of claim 1l wherein the PEL/EE2008/060937
nanowi res are silver nanowires.8 . The conposite
transparent conductor of claim1l wherein the secondary
conduct i v&6 rredTbencbnqjosilesl;raaspamm conghectaeoirclaim 8fhavirg a

dt t t 9. Th it
i S eHon Biatsaora: B5To 1R AECFRIEARCE AEless than 1000 O/
conductive network of the second type of
nanostructures includes carbon nanotubes. 10. The
conposi t e17r anghaiceniposite transparemit cohdxim:toBofM:iaineBrvvhérein the
met al nanowi res are positioned on top of th
courlive ingbverk: AfdhR secorRG MRS WUB@%’VGQI‘CWW@ metal
n&r%fg %t e transparent conductor of claim8 the
ive network of carbon nanotubes is positioned
on top of a layer of the netal nanowires. 12 . The
conposite transgar ent conductor of claim8 wherein the
car bon nah®t ub&be gamposie tangpaieah sandegiopekclaim 8 wherein the
' nducti ve network. 13 . The
m@g%%ﬂ% ‘@’d%sr%ﬁi%’i# B%bg%’g’%aum or of claim8 further
conprising a third type of conductive nanostructures.
14 . The conposite transparent conductor of claim 13
wher ei n t h& t hihel compesie tr@oﬁaar@mvenmﬁmtosofrccjemﬁewerein the
el BenfACABE bELSRe LA s EeBER RIS Shoparices
thereof. 15. The conposite transparent conductor of
claim8 wherein the netal nanowires are silver
nanowi r es2@6. The comme'ﬁettran’spanwpaoe«hmctoooﬂclamn 9ofherein
claim8 hV|n ht tran SsSi.0 i,gher than 85%
theraang Atk Metal oo RIS, FieighoRug BonppATIes. gaon
claim8 wherein the
b'%%ﬁ%’&ﬁ%?!“@gé %E‘?%BCLF%"*E@%@@S& lpeof
nanostructures includes netal nanotubes

21.  The composite transparent conductor of claim 1 wherein the

continuous conductive film is a metal oxide film.

22. The composite transparent conductor of claim 21 wherein

the metal nanowires are positioned on top of the metal oxide film.

23.  The composite transparent conductor of claim 21 wherein

the metal oxide film is positioned on top of a layer of the metal nanowires.
24.  The composite transparent conductor of claim 21 wherein

the metal oxide film is an indium tin oxide (ITO) film and the metal nanowires are

silver nanowires.
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18. The conposite transparent conductor of claim8
wherein the netal nanotubes are gold nanotubes. 19.
wab@sasamsposi te transparent conductor of clai m BCIiIs2008/660937
t he conductive network of the second type of
nanostructures includes nanoparticles. 20. The
conposi t e25r anTharcentpositia thacsparent cohduictorl Sf @ibm e nnaving a
the nangparticles are tal , nanoparticl es,
"Q{Eﬁi%‘éf‘? PR Sighes tirrh 8pYerNd agﬁ“ﬁﬁhfﬁ?@ e eé? ”éﬁ“ 18&39/[]
conbi nation thereof. 2 1. The conposite transparent
conductor of claim11 wherein the continuous conductive
filmis a2@et aThexbopoklté trangdgarehbeondugiosot eaim 21 whereln
transparent conductor of claim2 1 wherein the neta
hﬁ’dﬁmWe%’rﬁ#uét%%mQQ'Wﬁ@d‘dothetfﬁﬁtabPX'@ﬁé“fﬁﬁfaIe|Q9H'%RJ|y coupled.
film 23. The conposite transparent conductor of claim
2 1 wherein the netal oxide filmis positioned on top
of a | ayep7.0f The comipakite aanvpaemt cddductbeotaaipesivitierein the
transparent conductor of claim2 1 wherein the netal
ceitinge usicondhstivenfilnhigiaieendustiv ipebymertd;. i | m and t he
netal nanowires are silver nanowi res. 25. The conposite
transparent conductor of claim2 1 having a |ight

transm sspgn hrgdep e &aspaEnfcoRGRtof 6B4ISIMRRTE Svidrein
| ess than 1000WD. 2 The conposite transparent

thearahgieictive polyoiesifimads molM(mestylaneh@ow(pwml?) qiy(thiophaene),
el e cal Iy

nmedi um and t he ne
PO B Bl F Bt BT pSE b et o of
h is a
e@%?&%ﬁ*‘)’fve’%p@?ih%f?'%. ”“W%’*Q?ﬁg%”émf‘%'%ﬂ%spmm
palgparaphenylehe cpalyfpakaphdradenansulfide ); ongoly( parappehylese
fl|ﬁ1$S pol y(acetyl ene), poly(pyrrole),
VIBYEPEL-hi ophene), pol y(aniline), poly(fl uorene),
pol y( 3-al kyl t hi ophene), poly(3, 4-
et hyl enedi oxyt hi ophene), pol ytetrathi af ul val ene,
pol ynapht 2@l enEhe pomppsita friaasyhrent conduotopal clpine Y vdrerein
sul fide), or poly(paraphenyl ene V|nylene% 29. The
r‘@dﬁﬁt?é NEBoOWjr ﬁﬁé‘b%P@ﬁ'i'O@%QUd?BP Hie eandualive PRiveRes; fiim.

30. The composite transparent conductor of claim 27 wherein

the conductive polymer film is positioned on top of a layer of the metal nanowires.

31.  The composite transparent conductor of claim 27 wherein

the metal nanowires are embedded in the conductive polymer film.

32. The composite transparent conductor of claim 27 having a

light transmission higher than 85% and a sheet resistance of less than 1000Q/0.

33. A device, comprising a composite transparent conductor

including:
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the nmetal nanowires are positioned on top of the

conductive polyner film 30. The conposite transparent
w@ewduses of claim 27 wherein the conductive POI/YSm08/060937

filmis positioned on top of a |layer of the netal

nanowi res. 3 1. The conposite transparent conductor of

cl ai m 27 apemary coheductiveahedianvinchuetinga elwraliydd edetah

t he conductive polyner film_ 32. The conposi te

nqm&%?feﬁmpwéﬂwémﬁ*a'd?amtﬁb?ﬁ #Zndhavi ng a | i ght
transm ssj %gﬁﬂ*\w cgéaeﬂl\%e Teafth eoﬁggrglﬁtst? ?]rgeS gﬁh@ﬂ?&ﬁ’éucﬁve

| ess t han VI Ce,

mediupesthé setondehvondtichantedium befry] & dontinwouy cormiuctive film.
conductive nediumincluding a plurality of netal

nanowi res or a plurality of netal nanotubes; and a

S YaEor i bR G G o A Bl ar

siRer Ranéwigest i nuous conductive film 34. The device of
claim 33 wherein the netal nanowires are silver
nanow r es. 35 The device of claim 33 wherein the
continuo uctive fi i tal ,oxide.film 3§. ..
e ot 5.0 " Heiga of b 3 WHR e 1B kSRl cofuctive
f,”‘.d i ﬁ,@fg}@xmnﬁar bon nanotubes. 37. The device of
claim 33 wherein conti nuous conductive filmis a

conducti ve pol yrrer film 38. The device of claim 33

wherein t c te tra e conduct or forns
free tr ofopar Do Oevice of SR Fowhefed GeoirtiousrcandyShye fim

cotfip ,ﬁégst&er[)mﬁq,gﬁg* jgag a second conposi te transparent

conduct or orms a second transparent el ectrode
opposite to the first transparent el ectrode. 40. The
devi ce of _claim 33 Mhehfln t he co osite tranﬁparent

conduct or3has E¢ fgyiee 5‘%??1%35‘("3 S gRBHNYaYSFOREMCHYRfilm is
a BoiiSahe RN mLAARE Of |ess than 1000WD

38. The device of claim 33 wherein the composite transparent

conductor forms a first transparent electrode.

39. The device of claim 38 further comprising a second
composite transparent conductor which forms a second transparent electrode

opposite to the first transparent electrode.

40. The device of claim 33 wherein the composite transparent
conductor has a light transmission higher than 85% and a sheet resistance of
less than 1000/

41.  The device of claim 33 being a flat panel display, a touch

screen, an electromagnetic shielding, an electromagnetic interference device, an

electroluminescent device or a photovoltaic cell.
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4 1. The device of claim33 being a flat panel

di spl ay, a touch screen, an el ectromagnetic shi el ding,
w@rooghasvs omagneti c interference device, an  PCT/US2008/060937

el ectrol um nescent device or a photovoltaic cell.42. A

liquid crystal display cell conprising: a first

el ect r ode42.andAdigaizconystat tisptayoskdl, cosherisingt a verti cal

di stance between the first el ectrode and the second

el ect r ode? dEstielRadrodes@nd gap: wherein the first

el ectrode, g gng 8@&%H5ewh{a?enﬁ B&/etial ﬁ%‘igh’&% B&tween th& first

i ncl udi ng a primary conductive nedi umand a second

el@@ﬁdu@tahuehaeécom eRitttodb &lefings atdetl gap; mary conducti ve
medi um i ncl udes netal nanowires or netal nanotubes

t hat havewheris thesfirst elastrode i»agempssitedeansparery sgnductor

T e A R e

wﬁéfé?ﬁtthécﬂri#ﬁﬁ? doRduBBveAmEBIRiin foled &¥f m@mwanbmeb@r metal
1/100 of the cell gap. 43. The liquid crystal di sgl ay

namtubes thﬂtdnawe@zrrmbrs@emm the ersied gt theyeel erein, the
nan

r}q%tructqsl (i B tt 1f/I 8 "
SEFONGRY & uc‘ée{s My “mﬁﬁea ?‘?’ﬁlﬂ”&’uér%’&‘ HEUER WP 85/3 88P uctive
n@lwork BF Hhﬂ@st\’ﬁt‘?ur%‘srhatvh% & helicsiby Bf BBOUOT/S t871/100 of the cell

nanostruct ures have nmesh size of about 1/10 to
ga. the cell gap. 45. The liquid crystal display cell
of claim 42 wherein the conductive network of
nanostructures are carbon nanotubes. 46. The liquid

crystal dygpl ?h&ﬁhbl?‘gr%ﬁb%l%%\?déﬂ‘?ff%leﬂmtét?w erein the

conducti ve networKk nost ures are neta
coradumive eehwokfafmambsfructuré hravee b ahestasiagiof @boof 1/6He 1/10 of
prinma conductive nmedium 47. The liquid crystal
th@i%‘lgi%}/’-cel | of claim42 wherein the conductive
net wor k of nanostructures are netal nanotubes
different fromthe nmetal nanotubes of the primary

conduct i vg4 medTheni¢&id chistal digplagt cxellyﬁtc@mdctzwhasem eH\é
of claim 42 wherein the secondary conductive ned
cengustive neiwerk gfinamostructures have a'mesh size of about 1/10 to 1/100 of

the cell gap.

45.  The liquid crystal display cell of claim 42 wherein the

conductive network of nanostructures are carbon nanotubes.

46. The liquid crystal display cell of claim 42 wherein the
conductive network of nanostructures are metal nanowires different from the

metal nanowires of the primary conductive medium.
47. The liquid crystal display cell of claim 42 wherein the

conductive network of nanostructures are metal nanotubes different from the

metal nanotubes of the primary conductive medium.
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49. The liquid crystal display cell of claim42
wherei n the secondary conductive nediumis a

w@enwdusive polyner film 50. The |iquid crystBET/US2008/060937
di splay cell of claim42 wherein the primary
conductive medi um conprises silver nanowires. 5 1. The
liquid cr4&t al Thie Higuidycrysial displaycell of sRimid whereimithe

rimary conductive nmedi umc rise ol d nanot ubes.

ségpndenLognarRIde SISUUM s & WERALOHIR MBS ci ai m 42,

wherein the cell gap is between about 3-5 mm 53. The

liquid crystal display cell of claim42 wherein the

second el 4.t r oblee liguid crystplodisplay tcell of plairard2 whearbir ther .

54. The liquid crystal, displ cell of cl|laimd42
SeReEI8NnCe qt'l"?é'ﬂg%wé‘c'ﬁrao diégv%pplygpﬁr fMansni ssi on

of 80-95% 55. The liquid crystal display cell of

claim42 wherein the first electrode conprises netal

nanow r es50.hat The #quid-osgstad displdiy @et o claimdt SwBOreimthe primary

| ong.
conductive medium comprises silver nanowires.

51.  The liquid crystal display cell of claim 42 wherein the primary

conductive medium comprises gold nanotubes.

52. The liquid crystal display cell of claim 42, wherein the cell
gap is between about 3-5 pm.

53.  The liquid crystal display cell of claim 42 wherein the second

electrode is a composite transparent conductor.

54.  The liquid crystal display cell of claim 42 wherein the first

electrode has a light transmission of 80-95%.
55.  The liquid crystal display cell of claim 42 wherein the first

electrode comprises metal nanowires that are 20-80nm in diameter and 5-30 um

long.
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